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Active suspension feeders, such as clams and tunicates, interact with the water
column through inhalant and exhalant siphon flows. Inhalant siphon flows provide
access to food, oxygen, and chemical cues. Exhalant siphon flows carry away
gametes, waste products, and depleted water. The fluid mechanics of siphon flows
have often been neglected or oversimplified in past studies of suspension feeding. In
this dissertation, I present a series of studies in which experimental and numerical
techniques are combined to better understand siphon flows and to characterize
their roles in suspension feeding and pipetting, a common technique with analogies
to inhalant siphon flows whose fluid dynamics are not well characterized.
In Chapter 2, feeding rates are reported for three suspension feeder species:
the bivalves, Mya arenaria and Mercenaria mercenaria and the tunicate Ciona
intestinalis. Particle image velocimetry (PIV) was used to calculate detailed flow
fields around suspension feeders. Crucial velocity data adjacent to siphons could
not be measured, however, so computational fluid dynamics (CFD) models were
used to calculate the remainder of the flow field. The three study organisms
covered a wide range of suspension feeding rates. Pumping rates ranged from

1.7–7.4 l h-1 for Mya, 0.3–3.6 l h-1 for Mercenaria, and 0.1–1.0 l h-1 for Ciona.
Inhalant Reynolds numbers ranged from 179–520 for Mya, 40–341 for Mercenaria,
and 8–33 for Ciona. Combining PIV data with CFD models proved to be an
accurate method for quantifying suspension feeding.
In Chapter 3, a similar approach was used to analyze the flow fields produced
by recently settled juvenile Mya clams (shell length 1.8–2.8 mm), and the
challenges associated with active suspension feeding at low Re were examined.
Pumping rates ranged from 0.03–0.22 mm3 s-1 (1.1–7.9×10−4 l h-1 ), and Rein
ranged from 0.16–0.79. Results suggest that siphon diameter limits pumping rate
in juvenile but not adult Mya.
Chapter 4 presents results from CFD simulations of a pipette drawing from a
cylinder. This well constrained, simple problem has implications for sampling and
separation methods. This chapter defines and makes use of capture regions, which
are used to analyze inhalant siphon sources.
Combined experimental and numerical approaches like those presented here
could prove valuable in future studies of suspension feeding and other problems
associated with intake of fluids for feeding, respiration, and olfaction.
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Chapter 1
BACKGROUND
1.1

Importance of Siphon Flows
A siphon flow results when internal flow within an inhalant or exhalant siphon

interacts with external flow in a larger domain. Examples of such flows are
produced by animals in at least ten marine phyla (table 1.1). The focus of this
dissertation is the hydrodynamics of inhalant siphon flows in active suspension
feeding by benthic marine organisms. Inhalant flows have received much less
attention than exhalant flows, but they largely determine the extent of an active
suspension feeder’s access the water column around it. The following sections
introduce the relevant flows and their roles in suspension feeding.
1.2

Fluid Mechanics of Siphon Flows

1.2.1

Inhalant Siphon Flows

The flow field associated with an inhalant siphon drawing from a large
domain can be divided into three regions: the fully developed internal region, the
external region, and the entrance region that connects the two.
Fully developed laminar flow inside a siphon is described by an exact solution
to the Navier-Stokes equations know as Poiseuille’s equation (Batchelor, 2000;
Sutera and Skalak, 1993). A cross-section of the flow in this region has a parabolic
velocity profile. The velocity maximum is twice the mean and occurs at the axis.
Velocity at the pipe walls is zero, satisfying the no-slip condition. Equation 1.1
gives the longitudinal velocity (u) as a function or radial position (r) for a pipe

1

with inner radius a and longitudinal pressure gradient ∆p/∆x:
u(r) = −

1 ∆p 2
(a − r 2 ),
4µ ∆x

(1.1)

where µ is the dynamic viscosity of the fluid. For a steady-state siphon flow, the
primary dimensionless scaling parameter is the siphon Reynolds number (Re),
which expresses the relative magnitudes of inertial and viscous forces:
Re =

ρ UD
,
µ

(1.2)

where ρ is the density of the fluid, U is the mean velocity along a cross-section of
the flow, and D is siphon inner diameter (2a). Steady siphon flows with the same
Re and similar geometries are statistically identical.
In biological studies of inhalant siphon flow, the flow in the external region
(outside the siphon) has often been simplified as a point sink model (e.g., André
et al., 1993; Kiørboe et al., 1999). The solution to the point sink model is
spherically symmetric convergence with velocity decreasing with the square of
radial distance from the sink; velocity is infinite at the sink. The largest
divergences of this simplified model’s velocity field from true siphon flows occur at
low Re and near the siphon inlet (Jumars, 2013).
Regarding the entrance region, many studies in the fluids literature have
focused on the entrance length, the distance from the pipe entrance at which the
flow is considered fully developed, often defined as the point where axial velocity
reaches 99% of its maximum; entrance lengths for a range of Re have been
determined analytically, experimentally, and numerically (Durst et al., 2005, and
references therein). Most solutions ignore the flow outside the pipe, employing a
uniform velocity across the pipe entrance as a boundary condition (e.g., Fargie and
Martin, 1971). The uniform entry flow assumption is unrealistic because the flow
at the mouth is aﬀected by the parabolic flow downstream, and it is inconsistent
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with spherical convergence models, which yield a maximum (infinite) velocity at
the axis.
Computational fluid dynamics (CFD) models presented in Jumars (2013)
encompass all three regions of an inhalant siphon flow, so they can use more
realistic boundary conditions than those used in previous approaches.
1.2.2

Exhalant Siphon Flows

Exhalant siphon flows are analogous to inhalant flows in many ways but also
have notable distinctions. Whereas inhalant siphon flows are diﬀuse and decay
rapidly with distance from the siphon mouth, exhalant jet flows are coherent and
highly directional (except at low Re). Because of their inertial nature, exhalant
jets at moderate to high Re eﬀectively carry depleted water away from the
inhalant siphon mouth, reducing refiltration (Monismith et al., 1990). Openings of
exhalant siphons are smaller than those of inhalant siphons, suggesting a selective
advantage to producing fast, coherent exhalant flows. Mussel beds increase
turbulence through their exhalant siphon flows, which may increase the supply of
plankton from water layers overlying the depleted near-bottom water (Lassen
et al., 2006). The interaction of an exhalant jet with ambient flow closely
resembles the “jet in cross flow” system (Ertman and Jumars, 1988), many features
of which have been described in the fluid mechanics literature (Kelso et al., 1996;
Smith and Mungal, 1998; Yuan et al., 1999).
1.2.3

Benthic Boundary Layer Flows

The coupling between benthic siphon flows and ambient currents is complex
and bidirectional. Ambient flows in benthic marine environments are often
described in terms of the classic benthic boundary layer model (Mann and Lazier,
2013, pp. 60–61). The model comprises a viscous sublayer near the bed in which
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velocity increases linearly with distance from the bed overlain by a layer in which
velocity increases logarithmically with distance from the bed (Schlichting, 1968).
This idealized model is complicated by variations in time and space and by
turbulence.
Wildish and Kristmanson (1997) have proposed a ‘benthic limitation by flow’
theory that contends that there is an ideal intermediate range of bottom velocities
for suspension feeding because at low velocities, suspension feeding is limited by
insuﬃcient flux of seston, and deposit feeders dominate, whereas at high velocities
suspension feeding is limited by other unspecified factors, producing ‘impoverished’
communities in which neither deposit feeders nor suspension feeders flourish. As
an example, Wildish and Saulnier (1993) found a maximum phytoplankton uptake
rate for scallops at an intermediate range of ambient flow rates (3–6 cm s-1
adjacent to the inhalant siphon). Several studies have shown that in shallow or
highly-stratified environments, slow ambient flow can limit the supply of plankton
to a suspension-feeding community if depletion of seston by suspension feeders
outpaces horizontal advection (Fréchette et al., 1989; Riisgård et al., 1996). High
ambient flow velocity (compared to exhalant jet velocity) has been shown to limit
feeding rates as well, but the mechanisms are less clear. Monismith et al. (1990),
however, found an increase in refiltration of depleted water with velocity in a
laboratory study using physical analogs of bivalve siphons, suggesting a possible
physical basis for the depression of feeding rates at high ambient velocities.
Behavioral responses to high flow rates or seston concentrations may be important
as well (Wildish and Saulnier, 1993).
A few studies have found a preferential orientation of siphonate suspension
feeders to prevailing ambient currents. The stalked tunicate Styela montereyensis
takes advantage of ambient currents that naturally orient its exhalant siphon
downstream of its inhalant siphon (Young and Braithwaite, 1980). Knott et al.
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(2004) found that the ascidian Pyura stolonifera preferentially orients with its
inhalant siphon downstream and suggested that this orientation produces a
dynamic pressure at the inhalant siphon that minimizes the energy expenditure for
feeding compared to other orientations. Mya arenaria was shown to orient its
siphons perpendicular to the bidirectional currents in the tidal Saint Lawrance
estuary, which likely reduces refiltration rates over the course of a full tidal cycle
compared to any other possible fixed orientation (Vincent et al., 1988).
1.3

Siphon Flows in Active Suspension Feeding
The most commonly reported—and arguably most ecologically

relevant—metric for suspension-feeding activity is clearance rate, which is the
volume of water cleared of seston by a suspension feeder or group of suspension
feeders per weight of suspension feeders per time (Wildish and Kristmanson,
1997). A related metric, pumping rate, describes the total volume pumped per
time; pumping rate equals clearance rate divided by filtration eﬃciency, the
fraction of seston particles that are captured from the pumped water (Wildish and
Kristmanson, 1997). Usage of these terms, however, is not standard throughout
the literature.
Studies using several methods for measuring pumping and clearance rates are
critically reviewed by Riisgård (2001). Clearance rate is most often measured by
taking sequential samples of water from a well mixed tank containing suspension
feeders, quantifying the concentration of particles in each sample, and fitting a plot
of particle concentration vs. time. Clearance rates are useful for comparing feeding
activity between species or under varying conditions. Results are not universal,
however, because of inconsistencies between studies, such as varying tank

5

geometries (Riisgård, 2001) and because clearance rates vary with seston
concentration and seston particle size.
Several so called ‘direct’ techniques have been used to quantify suspension
feeding activity in terms of pumping rate. In many early attempts at quantifying
siphon flow, the study organism was manipulated either by imposing an artificial
pressure gradient (Foster-Smith, 1978), confining the study organism (Jørgensen,
1986), or inserting tubing into the study organism’s siphons (Kustin et al., 1974).
There are, however, examples of early non-invasive methods, such as a study that
measured pressure as a function of distance from the inhalant and exhalant
siphons of Mya arenaria and other active suspension feeders (Foster-Smith, 1976).
More recently, particle image velocimetry (PIV) has shown promise as a
non-invasive method for studying siphon flows. André et al. (1993) used PIV to
study larval cannibalism by Cerastoderma edule. Troost et al. (2009) measured
inhalant velocities for three bivalve species using PIV and PTV (particle tracking
velocimetry) but were forced to model exhalant velocities because the exhalant
water was depleted of particles. Frank et al. (2008) used smaller particles (∼2 µm)
that were not captured from the water, enabling them to measure exhalant
velocities for four bivalve species and the tunicate Styela clava. They also
measured clearance rates and, reassuringly, found a significant positive relationship
with maximum exhalant velocity. Inhalant velocity measurements were not
included in the study. Also using PIV, Delavan et al. (2012) found that in
Mercenaria mercenaria exhalant siphon velocity variances increase when a
predator is present. Further examples of the use of PIV for studying siphon flow
can be found in a study of the freshwater midge Chironomus plumosus (Roskosch
et al., 2010) and the more general PIV reviews by Stamhuis et al. (2002; 2006).
The primary drawbacks of the method are diﬃculties making measurements close
to siphons due to reflections, lack of optical access, and problems distinguishing
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inhalant velocities—which are often very low—from ambient and exhalant
currents. By mapping the flow fields around suspension feeders, pumping rates can
be obtained. Other studies of suspension-feeding mechanics have focused on gill
physiology (Ward et al., 1997), particle selection (Rosa et al., 2017), and capture
mechanisms (LaBarbera, 1984), which are beyond the scope of this study. In this
dissertation, suspension-feeding activity is quantified with PIV measurements.
CFD models are used to improve measurement accuracy.

7

8

Examples
Mya arenaria, Mercenaria mercenaria, Ensis directus, other siphonate bivalves
siphonate gastropods
squid, octopuses, cuttlefish, nautiluses
Chaetopterus variopedatus, Hedista diversicolor, Arenicola marina
Urechis spp.
Corophium volutator, Upogebia spp., various burrowing shrimp
Ciona intestinalis, Styela clava, salps
whales, dolphins, porpoises
various planktivorous fishes
lancelets
various
various
various
various acorn worms
Echinocardium cardatum
various
various
various
various

Table 1.1: Examples of marine organisms that produce siphon flows.

Class
Bivalvia
Gastropoda
Cephalopoda
Annelida
Polychaeta
Echiura
Arthropoda
Malacostraca
Chordata
Ascidiacea
Mammalia
Actinopterygii
Cephalochordata (subphyllum)
Cnidaria
Anthozoa
Scyphozoa
Medusozoa
Hemichordata
Enteropneusta
Echinodermata
Echinoidea
Choanoflagellata various
Porifera
Demospongiae
Hexactinellida
Calcarea

Phylum
Mollusca

Chapter 2
MODEL-ASSISTED MEASUREMENTS OF SUSPENSION-FEEDING
FLOW VELOCITIES
2.1

Abstract
Benthic marine suspension feeders provide an important link between benthic

and pelagic ecosystems. The strength of this link is determined by
suspension-feeding rates. Many studies have measured suspension-feeding rates
using indirect clearance-rate methods, which are based on the depletion of
suspended particles. Direct methods that measure the flow of water itself are less
common, but they can be more broadly applied because clearance-rate
measurements are aﬀected by properties of the cleared particles. We present
pumping rates for three species of suspension feeders, the clams Mya arenaria and
Mercenaria mercenaria and the tunicate Ciona intestinalis, calculated using a
direct method based on particle image velocimetry (PIV). Past uses of PIV in
suspension-feeding studies have been limited by strong laser reflections that
interfere with velocity measurements proximate to the siphon. We used a new
approach based on fitting PIV-based velocity profile measurements to theoretical
profiles from computational fluid dynamic (CFD) models, which allowed us to
calculate inhalant siphon Reynolds numbers (Re). We used these inhalant Re and
measurements of siphon diameters to calculate exhalant Re, pumping rates, and
mean inlet and outlet velocities. Measured flows covered a wide range of Reynolds
numbers, with inhalant Re ranging from 8–520 and exhalant Re from 15–1073.
Pumping rates ranged from 1.7–7.4 l h-1 for Mya, 0.3–3.6 l h-1 for Mercenaria, and
0.07–0.97 l h-1 for Ciona. Combining PIV data with CFD models may be a useful
approach for future suspension feeding studies.
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2.2

Introduction
Active suspension feeders use pumping, rather than ambient currents, to

deliver the suspended particles on which they feed (Wildish and Kristmanson,
1997). Active suspension feeding is common among bivalves, ascidians, bryozoans,
polychaetes, and burrowing and tube-dwelling crustaceans, especially those
occupying moderate flow regimes. Benthic marine suspension feeders alter both
benthic and pelagic food webs by controlling phytoplankton growth rates (Oﬃcer
et al., 1982), concentrating organic matter into fecal pellets with high settling
speeds, reducing turbidity (Newell and Koch, 2004), and competing with (Cloern,
1982) and grazing on (Green et al., 2003) zooplankton (fig. 2.1). Benthic
suspension feeders can exert top-down control on phytoplankton growth in
eutrophic environments (e.g., Caraco et al., 2006; Cerco and Noel, 2010, 2007;
Newell, 1988; Oﬃcer et al., 1982). In addition, many active suspension feeders,
such as the bivalves Mya arenaria and Mercenaria mercenaria, support
commercial fisheries, and many others, such as the tunicate Ciona intestinalis, are
fouling organisms with negative economic impacts.
Rates of the active suspension-feeding functions listed above are ultimately
controlled by the flows produced by individual active suspension feeders and the
interactions of these flows with each other and with ambient flows. Such flows have
been quantified in various ways for more than 90 yr (e.g., Galtsoﬀ, 1926). An
active suspension feeder produces inhalant and exhalant flows through unfused
mantle margins, a straight or U-shaped tube or burrow, or a pair of well formed
siphons like those of our study organisms. Exhalant siphon flows, or jets flows, are
well studied in fluid mechanics—largely because of their relevance to aerospace
engineering (Karagozian, 2014). Exhalant jets produce shear that enhances mixing
in benthic boundary layers, which likely helps to limit local depletion of seston
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Figure 2.1: Ecosystems eﬀects of suspension feeding activity. Benthic and pelagic
processes (red text) that are mediated by suspension feeding activity.
(Lassen et al., 2006). Several studies have documented eﬀects of exhalant jets
produced by bivalves as they interact with boundary-layer flows (Crimaldi et al.,
2007; Monismith et al., 1990; O’Riordan et al., 1993, 1995).
Inhalant siphon flows, on the other hand, have not received as much attention,
either from a biological or a fluid mechanical perspective. They are arguably more
important than jet flows for suspension feeding, however, because they define the
region in the water column from which the water pumped by a suspension feeder
originates. These flows thus set an upper limit on the suspension feeder’s growth
rate and its influence on seston concentration and determine the chemical cues to
which it has access. From an ecological perspective, inhalant siphon flows have
been studied for their roles in triggering copepod escape reactions (Kiørboe et al.,
1999; Fields, 2009; Fields et al., 2012) and in the cannibalistic capture of larvae by
Cerastoderma edule (André et al., 1993). Detailed studies of inhalant flow are
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likely to improve parameterizations in ecological models that include suspension
feeding (e.g., Cerco and Noel, 2010), in particular by identifying flow conditions
and animal densities at which interactions between neighbors become significant
and by providing means to scale individual eﬀects up to the population level.
One reason that inhalant flows are less well studied than jet flows is that they
are more diﬃcult to measure. Because inhalant flows are convergent, velocities
drop oﬀ rapidly with distance from the siphon inlet, often falling below
measurement thresholds at short distances from the inlet. Less obviously, optical
methods such as particle-imaging velocimetry (PIV) are unable to produce
accurate measurements in the region closest to the siphon inlet due to strong laser
reflections. Here we develop methods that eﬃciently use measured flow fields at
intermediate distances to characterize the full flow field by matching measurements
with computational fluid dynamic (CFD) models.
Two measures of suspension-feeding activity are commonly reported,
clearance rate C and pumping rate Q. Usage of these terms is inconsistent in the
literature (Riisgård, 2001). Here we adopt definitions by Wildish and Kristmanson
(1997). Both clearance rate and pumping rate have dimensions L3 T −1 , but
clearance rate quantifies the volume of water cleared of seston—often of a defined
particle size—per unit of time, whereas pumping rate quantifies the total volume
of water pumped per unit of time irrespective of seston content. The two measures
are related by retention eﬃciency E, the fraction of seston particles captured,
according to the equation:
C = E · Q.

(2.1)

Since retention eﬃciency varies with particle diameter—and likely other particle
characteristics—pumping rate is the more broadly applicable of the two measures.
Given the pumping rate and an equation describing the relationship between
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retention eﬃciency and particle diameters—such as those given by Møhlenberg
(1978)—clearance rates can be calculated for seston with a range of particle
diameters. The inverse is not true, however; clearance rate measurements only
apply to the particular seston mixture used for the measurements unless all seston
particles used in the clearance rate measurement have a single, defined retention
eﬃciency. This diﬃculty may be mitigated by clearance-rate experiments using
particles larger than the diameter at which particles are retained with 100%
eﬃciency, in which case clearance rates and pumping rates are equal (e.g., Riisgård
and Seerup, 2003; Riisgård et al., 2003).
Methods for measuring clearance and pumping rates are critically reviewed by
Riisgård (2001). Methods that yield clearance rates are referred to as ‘indirect’
methods, while those that yield pumping rates are referred to as ‘direct’ methods.
The most common indirect method is to take sequential water samples from a tank
containing suspension feeders, quantify the concentration of particles in each
sample, and fit a function to describe the relationship between particle
concentration and time. Clearance-rate measurements are useful for comparing
feeding activity between species and under varying conditions within a study, but
results depend on particle diameter as noted above. They can also be aﬀected by
variations in experimental conditions due to local depletion of particles and to flow
eﬀects of nearby tank walls (Riisgård, 2001).
Several direct methods have been developed. Among them, PIV and particle
tracking velocimetry (PTV) are unique in producing spatially and temporally
resolved velocity data. They are also non-invasive, which makes them less likely to
interfere with animal behavior. Troost et al. (2009) used PIV and PTV to
measure inhalant velocities produced by three bivalve species; they modeled rather
than measured exhalant velocities because exhalant water was depleted of
particles. Frank et al. (2008) performed PIV with smaller particles (∼ 2 µm) that
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were ineﬃciently cleared to measure exhalant velocities for four bivalve species and
the tunicate Styela clava. In the same study, they also measured clearance rates;
reassuringly, they were positively correlated with PIV-derived measurements of
local maximum exhalant velocity. Inhalant velocity measurements were not
included in the study. In another PIV application, Delavan et al. (2012) found an
increase in variance in Mercenaria mercenaria exhalant siphon velocities in the
presence of a predator. André et al. (1993) used PTV to study cannibalism on
larvae by Cerastoderma edule. Stamhuis et al. (2002; 2006) discussed
suspension-feeding flows as part of broader reviews of applications of PIV to
biological problems.
As others have noted (Frank et al., 2008; Troost et al., 2009), one
complication of PIV is that reflections of laser light from the animal often make it
impossible to obtain accurate velocity measurements immediately adjacent to a
suspension feeder’s siphon. Unfortunately, quantifying velocity at the siphon inlet
is critical for calculating pumping rates. Profiles of velocity, starting at the center
of the siphon inlet and extending away from the siphon along its axis, are
commonly used to quantify siphon flows. Both empirical (Troost et al., 2009) and
analytical (Kiørboe et al., 1999) models have been used to interpret axial profiles,
but neither approach is well suited to describing the flow near the siphon inlet.
Empirical models, such as exponential fits (Troost et al., 2009), are reasonable
approximations of axial profiles when the entire profile is available. Inlet velocities
cannot reliably be extrapolated from partial profiles, however, because velocity
increases rapidly as distance to the siphon inlet decreases. Small errors in velocity
measurements made at intermediate distances from the siphon inlet thus
propagate to produce large errors in velocity calculations at the siphon inlet.
Existing analytical solutions for flow into a siphon are generally oversimplified.
One common simplification is the point sink model. Jumars (2013) produced CFD
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models of inhalant siphon flows and demonstrated that the point sink model,
despite predicting realistic velocities in the far field, rapidly diverges from the true
velocity fields on approaching the siphon inlet. In fact, the point sink model
predicts an infinite velocity at the siphon inlet. We used CFD models similar to
those used by Jumars (2013) to interpret velocity fields produced in our PIV
experiments.
The key parameter for describing flow into an inhalant siphon is the inhalant
siphon Reynolds number:
Rein =

W in Din
ν

(2.2)

where W in is the velocity averaged across the siphon inlet, Din is the inner
diameter of the inhalant siphon, and ν is the kinematic viscosity of the fluid, which
equals the dynamic viscosity (µ) divided by the density (ρ). Exhalant siphon
Reynolds number (Reex ) can be found in the same way by substituting exhalant
siphon values for velocity (W ex ) and diameter (Dex ). Two steady flows with the
same geometry are dynamically similar (i.e., have the same dimensionless solution)
if they share the same Re (Batchelor, 1967, pp. 211-215). In other words, the
geometry and Re are suﬃcient information to fully describe the flow field. An
initially surprising frustration precluding direct comparison of our results with
most previous studies of inhalant (or exhalant) siphon flows, is the general lack of
suﬃcient published information to calculate a siphon Re. In most cases no explicit
measurements of inner diameter are reported, despite the central importance of Re
(Jumars, 2013). One goal of this study is to emphasize the importance of Re and
its utility for comparing suspension-feeding flows.
In this study, we used PIV to measure velocity fields produced by the inhalant
siphons of three species of active suspension feeder, the bivalves Mya arenaria and
Mercenaria mercenaria and the tunicate Ciona intestinalis. We chose these species
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total WW (g)
total DW (g)
flesh AFDW (g)
shell/body L (mm)
shell width (mm)
Din (mm)
Dex (mm)
n

Mya arenaria Mercenaria mercenaria Ciona intestinalis
2.54–34.09
26.54–69.36
5.79–15.90
0.98–12.11
16.8–45.2
0.28–1.04
0.06–1.03
0.57–1.04
0.20–0.84
28.9–66.5
44.5–62.8
65.0–91.5
16.9–37.1
36.4–55.5
2.3–4.7
1.6–3.7
7.0–10.3
1.4–3.0
1.2–2.5
4.0–4.9
9
7
6

Table 2.1: Measurements of experimental animals. Abbreviations: wet weight
(WW ), dry weight (DW ), ash free dry weight (AFDW ), length (L), inhalant
diameter (Din ), exhalant diameter (Dex ).
because we expected them to produce a wide range of Rein and because they are
common and well studied, enabling us to compare our results with published
measurements. As in the previously cited PIV studies of inhalant siphon velocity,
we were unable to measure velocities directly adjacent to the siphon inlet. We
therefore used CFD models of inhalant siphon flows based on those developed by
Jumars (2013) to calculate Rein . We then used these Rein values and
measurements of siphon diameter to calculate mean inlet and outlet velocities,
pumping rates, and exhalant siphon Reynolds numbers (Reex ).
2.3

Materials and methods

2.3.1

Animals

Mya arenaria (n = 9) and Mercenaria mercenaria (n = 7) clams were
obtained locally, either from seafood suppliers or intertidal sand beaches, and
maintained in the flowing seawater facility at the University of Maine’s Darling
Marine Center (Walpole, ME, USA). Ciona intestinalis tunicates (n = 6) were
carefully detached from tank surfaces on which their larvae had naturally settled
in the same flowing seawater facility. Individuals were chosen to provide a range of
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sizes for comparison (Table 2.1). One Ciona individual was excluded from analysis
due to poor velocity field data.
2.3.2

Particle Image Velocimetry

Stereoscopic particle image velocimetry (PIV) was performed using a
commercial system (LaVision, Goettingen, Germany) with a pulsed ND:YAG laser
(emission wavelength 532 nm). Experiments were performed in a 30 × 30 × 30 cm
tank filled to 27-28 cm with filtered seawater. The water was seeded with hollow
glass spheres (d = 9–13 µm; ρ = 1.10 ± 0.05 g cm-3 ; LaVision) and maintained at
a temperature of 17-19◦C and practical salinity of ∼30-32. This range of
temperatures and salinities corresponds to a kinematic viscosity of ν ≃ 1.1 × 10−6
m2 s-1 (Nayar et al., 2016; Sharqawy et al., 2010), the value used for all
calculations. Approximately 2×106 Tetraselmis chuii cells were added to the tank
at the beginning of each experiment to induce feeding. Experiments lasted <10 h.
For each experiment with Mya or Mercenaria, an individual was buried in a
190 × 100 mm (diameter × depth) glass dish filled with playground sand with the
ends of its siphons protruding above the surface. The clam was oriented with its
sagittal plane perpendicular to the image plane and its inhalant siphon closest to
the camera, with the laser sheet bisecting the inhalant siphon. A thin layer of
black sand was added at the sediment-water interface to reduce reflections. Images
were captured in double-frame mode with the duration between frames (dt) chosen
to optimize particle shift (about 10 pixels per frame near the inhalant siphon) for
an individual clam: 25-80 ms for Mya and 40-99 ms for Mercenaria. Image pairs
were captured at a recording rate of 2.5 Hz. For experiments with Ciona, a
tunicate was arranged with its base buried in sand. Ciona produced much lower
flow velocities than the clams, so images were recorded in single-frame mode with
a recording rate of 3.5 Hz. PIV velocity data are publicly available through the
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Biological and Chemical Oceanography Data Management Oﬃce (bco-dmo.org,
accession numbers 655604 and 655656).
For each experiment, 10 sequences were analyzed. Each sequence lasted 40 s
and consisted of 100 sequential image pairs for the clams and 140 sequential images
for Ciona. LaVision’s DaVis software was used to calculate vector fields from
particle images. Sequences of vector fields were time averaged, yielding 10 velocity
fields per animal (fig. 2.2). Only sequences in which the animal was pumping with
its siphons fully open were used, so our results represent maximum—rather than
average—pumping rates. Velocity fields were imported into MATLAB
(MathWorks, Nattick, MA, USA) and analyzed as described below.
2.3.3

Axial and radial velocity profiles

Velocity profiles were extracted from the time-averaged velocity field for each
PIV sequence (fig. 2.2, 2.3). Our CFD models are axisymmetric, assign cylindrical
coordinates to our PIV-derived velocity fields. The origin is defined as the center
of the siphon inlet (fig. 2.3, schematics). The z axis is aligned with the symmetry
axis and is perpendicular to the siphon inlet. The r axis is perpendicular to the
symmetry axis and parallel to the siphon inlet. The r and z components of
velocity are v and w, respectively, and u corresponds to out-of-plane velocities,
which are 0 in the models. The origin and rotation of the axes for each sequence
were determined based on PIV images. A velocity profile, hereafter referred to
simply as a profile, represents the velocity along a transect drawn along or at angle
to the z axis (axial) or parallel to the r axis (radial).
For each sequence, an axial profile was taken along a 30 mm transect
beginning at the inhalant siphon center (fig. 2.3A). To reduce the influence of the
exhalant flow, calculations were based on profiles of ‘inward’ velocity, i.e., the
component of the velocity vector directed toward the siphon center. Inward
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A

mm s-1
9.5

Mya arenaria

8.0
6.0
4.0
2.0
0.5
B

mm s-1

Mercenaria mercenaria

10.0
8.5
6.5
4.5
2.5
0.5
C

mm s-1
1.1

Ciona intestinalis

0.9
0.7
0.5
0.3
0.05

Figure 2.2: Example velocity magnitude fields. Time-averaged velocity magnitude
fields from 40 s sequences for Mya arenaria (A), Mercenaria mercenaria (B), and
Ciona intestinalis (C).
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Figure 2.3: Example velocity profiles. Velocity profiles for Mya arenaria from a
time-averaged 40 s sequence. Schematics show the location of each type of profile
with respect to the siphon. (A) Axial profiles of velocity magnitude (dashed black
line) and inward velocity (orange line), the component of velocity directed toward
the siphon center. (B) Radial profiles of vertical velocity centered at 6 (orange), 7
(black), and 8 mm (blue) from the siphon center.
velocity was calculated by a scalar projection of the velocity vector at each point
onto the profile (fig. 2.3A). The angle of the profile was chosen by selecting the
profile with the maximum inward velocity magnitude within 10◦ of the z axis. For
some sequences, the exhalant siphon had a strong influence on the axial profile, so
the profile was taken at ±30◦ or ±60◦ from the z axis, and the profile was fitted to
CFD profiles taken at the same angle. For a convergent flow, the highest inhalant
velocities outside the siphon are found closest to the inlet. Due to reflections we
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were unable to accurately measure velocities within a radius of ∼4–6 mm of the
inhalant siphon center, so a velocity decline is visible in this region (fig. 2.3A).
Three radial profiles of vertical velocity were taken along transects
perpendicular to and centered on the z axis—one each centered at 6, 7, and 8 mm
from the origin (fig. 2.2B, 2.3B). Analogously to the use of inward velocity for
axial profiles, the vertical velocity component v was used to restrict the influence
of the exhalant siphon. The profile was then split at the axis, and the mean of the
two halves calculated, unless one half of the profile was unusable, most often due
to the influence of exhalant flow. All processing code is available upon request.
2.3.4

Numerical models and Reynolds number calculation

The PIV-derived profiles described above were fitted to equivalent profiles
taken from computational fluid dynamic (CFD) models to calculate Rein for each
image sequence. The CFD model geometry consists of an axisymmetric inhalant
siphon drawing from a large, hemispherical domain. The models are similar to the
‘capillary’ model described by Jumars (2013) but with a shorter capillary length (3
mm for the clams and 10 mm for Ciona) and an inner diameter matched to that of
the experimental animal. The fluid was assigned a kinematic viscosity of
ν = 1.1 × 10−6 m2 s-1 . Simulations were carried out in COMSOL Multiphysics,
using the PARDISO solver and the BDF time-stepping method. Initial model
simulations were performed to ensure that the profiles were mesh independent and
uninfluenced by the presence of domain walls. The model was run over a range of
Rein and inhalant siphon diameters. A study by True and Crimaldi (in revision)
showed that similar models perform well against experimental data .
For each sequence, we fitted axial and radial profiles to their equivalent CFD
profiles over a range of Rein and maximized R2 between PIV and CFD profiles to
select a value for Rein . Those values for which R2 < 0.3 were excluded from
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further analyses. This cutoﬀ was chosen by visually inspecting fits between PIV
and CFD profiles. We also performed a sensitivity analysis using the same fitting
method to test how errors in measuring siphon position and angle are likely to
aﬀect Rein calculations.
Based on the Rein values, we calculated volumetric flow rate Q and mean
velocity across the siphon inlet W in , using the following equations (in SI units):
1
Q = πνRein Din
4
W in =

(2.3)

Rein ν
,
Din

(2.4)

where ν is kinematic viscosity and Din is inhalant siphon diameter. Volumetric
flow rates through the inhalant and exhalant siphons must be equal, so exhalant
Reynolds number Reex was calculated by equating the right side of Eq. 3.5 for
inhalant and exhalant Re and D. Simplifying and rearranging the resulting
equation gives:
Reex = Rein

Din
.
Dex

(2.5)

In words, Reex is Rein multiplied by the ratio of inhalant to exhalant siphon
diameter. Mean outlet velocity can be found by rewriting eq. 2.4 in terms of
exhalant quantities or using the equation:
W ex = W in ·

!

Dex
Din

"2

,

(2.6)

from which we see that the ratio of exhalant to velocity is dependent on the square
of exhalant to inhalant siphon diameter.
2.3.5

Allometric relationships

After each experiment, inhalant and exhalant siphons were photographed with
a scale, and lengths of the major and minor axes of the inner perimeters of
inhalant and exhalant siphon mouths were measured from the photographs. These
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measurements were used to calculate equivalent circular diameters—the diameter
of a circle with the same area as the ellipse with the measured major and minor
axes—on which calculations and model parameterizations were based. Shell length
and width were also measured for the clams, and body length was measured for
Ciona. Blotted wet weights (WW ), dry weights, and ash-free dry weights
(AFDW ) were obtained after blotting the animal dry with a paper towel, oven
drying for at least 48 h at 60◦ C, and combusting overnight at 500◦ C, respectively.
For the clams, WW and DW include shells, but AFDW does not. To facilitate
comparison with the literature, AFDW was used as the metric of weight for clams,
and WW was used for Ciona. Where possible, allometric relationships were
determined based on power-law fits between measured quantities.
2.3.6

Statistical analyses

Statistical analyses were performed using GraphPad Prism (GraphPad
Software, La Jolla, California USA). In order to produce 10 useable image
sequences for each animal, multiple sequences were often taken within a relatively
short period. To avoid pseudoreplication due to autocorrelation in time, we
therefore treated an individual animal, rather than a sequence, as a replicate.
Because we fitted our experimental profiles to profiles from CFD models with a
necessarily discontinuous range of Rein , we used nonparameteric methods. After
excluding Rein values for which R2 < 0.3, a final value of Rein for each sequence
was chosen by taking the median of the values from the axial profile and the three
radial profiles.
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Figure 2.4: Allometric relationships. Lines indicate power-law fits. (A and B)
Weight plotted against shell or organism length. For Mya, AFDW = 5.8 × 10−4 · L2.8
(R2 = 0.95; A). For Mercenaria, AFDW = 3.7×10−3 ·L1.4 (R2 = 0.61; A). For Ciona,
WW = 2.0 × 10−3 · L2.0 (R2 = 0.72; B). (C and D) Inhalant siphon diameter (Din )
plotted against shell or body length. For Mya, Din = 0.45 · L0.55 (R2 = 0.78; C). For
Mercenaria Din = 0.074 · L0.89 (R2 = 0.12; C). For Ciona, Din = 1.1 · L0.46 (R2 =
0.15; D).
2.4

Results

2.4.1

Allometric relationships

Power-law functions were used to examine relationships between length,
weight, and inhalant and exhalant siphon diameters. Relationships between length
and weight were as follows: AFDW = 5.8 × 10−4 · L2.8 for Mya (R2 = 0.95; fig.
2.4A), AFDW = 3.7 × 10−3 · L1.4 for Mercenaria (R2 = 0.61; fig. 2.4A), and
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Figure 2.5: Inhalant vs. exhalant siphon diameter. Inhalant siphon inner diameter
(Din ) plotted against exhalant siphon diameter (Dex ) for Mya arenaria (n = 9),
Mercenaria mercenaria (n = 7), and Ciona intestinalis (n = 6). Lines indicate
linear regressions forced through the origin. Slopes were 1.6 for Mya (R2 = 0.35),
1.4 for Mercenaria (R2 = 0.36), and 1.9 for Ciona (R2 = 0.23).
WW = 2.0 × 10−3 · L2.0 ; (R2 = 0.72; fig. 2.4B) for Ciona. Based on a linear
regression forced through the origin, DW for Ciona were approximately 6% of
WW (R2 = 0.68), similar to the 5% reported by Randløv and Riisgård (1979). DW
was not available for one Ciona individual due to improper drying.
For Mya the relationship between L and Din was: Din = 0.45 · L0.55 (R2 =
0.78; fig. 2.4C). Due to high variance in the data, fits between L and Din were
poor for Mercenaria (Din = 0.074 · L0.89 ; R2 = 0.12; fig. 2.4C) and Ciona
(Din = 1.1 · L0.46 ; R2 = 0.15; fig. 2.4D).
The ratio of inhalant to exhalant diameter was calculated for each species by
performing a linear regression forced through the origin (fig. 3.4). Inhalant to
exhalant diameter ratios were approximately 1.6 for Mya (R2 = 0.35), 1.4 for
Mercenaria (R2 = 0.36), and 1.9 for Ciona (R2 = 0.23).
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Figure 2.6: Axial and radial estimates of Reynolds number. Comparison of inhalant
Reynolds number Re measurements based on axial velocity profiles to those based
on radial profiles taken at 6 (blue circles), 7 (green squares), and 8 mm (orange
triangles). Each point represents one of ten sequences collected for each individual.
(A) Mya arenaria: n=9; y = 0.74x + 56; R2 = 0.83. (B) Mercenaria mercenaria:
n = 7; y = 0.79x + 40.5; R2 = 0.69), and (C) Ciona intestinalis: n=6; y = 1.0x −
0.76; R2 = 0.76). The solid line indicates the linear fit for the median of the three
radial profiles. A dotted one-to-one line is shown for comparison.
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Figure 2.7: Pumping parameters plotted against weight. Individual medians and
interquartile ranges of (A and B) inhalant Reynolds number Rein (C and D) mean
inlet velocity, and (E and F) pumping rate plotted against weight for Mya (n = 9),
Mercenaria (n = 7), and Ciona (n = 6). For Mya, power law fits are shown for (A)
Rein (y = 365 · x0.18 ; R2 = 0.29) and (E) pumping rate (y = 5.1 · x0 .34; R2 = 0.47).
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Figure 2.8: Pumping parameters plotted against length. Individual medians and
interquartile ranges of (A and B) inhalant Reynolds number Rein (C and D) mean
inlet velocity, and (E and F) pumping rate plotted against shell or organisms length
for Mya (n = 9), Mercenaria (n = 7), and Ciona (n = 6). For Mya, a power law
fits is shown for (E) pumping rate (y = 0.067 · x1 .0; R2 = 0.55).
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2.4.2

Reynolds numbers

As a validation of the method, values of Rein calculated from axial profiles for
each sequence were compared with those calculated from radial profiles by fitting a
linear function describing the relationship between the axial value and the median
of the three radial values of Rein . For Mya, all of the 360 calculated Rein values
(one axial and three radial for each sequence) had associated R2 values greater
than 0.3, so all values were used. Radial profiles at higher Rein tended to slightly
underestimate Rein compared with their axial equivalents: Rerad = 0.74 · Reax + 56
(R2 = 0.83; fig. 2.6A). For Mercenaria, 39 out of 280 Rein values for which R2
< 0.3 were excluded. As for Mya, radial profiles at higher Rein tended to produce
lower values than their axial equivalents: Rerad = 0.8 · Reax + 41 (R2 = 0.69; fig.
2.6B). For Ciona, 20 out of 270 Rein values were excluded. Axial and radial values
agreed well: Rerad = 1.0 · Reax − 0.8 for Ciona (R2 = 0.76; fig. 2.6C). Subsequent
analyses used the median of the axial and the three radial Rein values.
Inhalant Reynolds numbers (Rein ) appeared to increase with weight for all
three species. For Mya, the relationship between AFDW and Rein was:
Rein = 364 · AFDW0.18 (R2 = 0.29; fig. 2.8A). Power-law fits were poor for
Mercenaria (R2 = 0.09; fig. 2.8A, fit not shown) and Ciona (R2 = 0.02; fig. 2.8B,
fit not shown). Median Rein for individuals ranged from 179–520 for Mya (n = 9;
fig. 2.8A), 40–341 for Mercenaria (n = 7; fig. 2.8B), and 8–33 for Ciona (n = 6;
fig. 2.8C).
Exhalant Reynolds numbers Reex were calculated from Rein based on ratios of
inhalant to exhalant siphon diameter for each individual (eq. 2.5). Median Reex
ranged from 308–1073 for Mya, 49–606 for Mercenaria, and 15–76 for Ciona.
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2.4.3

Mean inlet and outlet velocities and pumping rates

Mean inlet (W in ) and outlet (W ex ) velocities and pumping rates (Q) were
calculated from Rein and inhalant siphon diameters (eq. 3.5, 2.4, 2.6). Median W in
for individuals Mya ranged from 63–125 mm s-1 for Mya (fig. 2.8C), 8.4–147
mm s-1 for Mercenaria (fig. 2.8C), and 0.4–3.8 mm s-1 for Ciona (fig. 2.8D). For all
three species, the Akaike information criterion (AIC) was smaller for a linear
model with slope constrained to 0 than for one with an unconstrained slope,
suggesting that W in was not correlated with AFDW, so fits are not shown. Median
outlet velocities ranged from 153–532 mm s-1 for Mya, 25–349 mm s-1 for
Mercenaria and 1–20 mm s-1 for Ciona.
For Mya, Q medians ranged from 1.7–7.4 l h-1 . Based on a power-law fit, Q
scaled with AFDW as Q = 5.1 · AFDW0.34 (R2 = 0.47; fig. 2.8E). For Mercenaria,
Q medians ranged from 0.3–3.6 l h-1 (fig. 2.8E). The relationship between Q and
AFDW could not adequately be described by a power law fit (R2 = 0.15; fig. 2.8E,
fit not shown). For Ciona, Q medians ranged from 0.1–1.0 l h-1 . The relationship
between Q and AFDW could not adequately be described by a power-law fit
(R2 = 0.03; fig. 2.8F, fit not shown).
2.4.4

Validation

As a validation of the method, values of Rein calculated from axial profiles for
each sequence were compared with those calculated from radial profiles by fitting a
linear function describing the relationship between the axial value and the median
of the three radial values of Rein . For Mya, all of the 360 calculated Rein values
(one axial and three radial for each sequence) had associated R2 values greater
than 0.3, so all values were used. Radial profiles at higher Rein tended to slightly
underestimate Rein compared with their axial equivalents: Rerad = 0.74 · Reax + 56
(R2 = 0.83; fig. 2.6A). For Mercenaria, 39 out of 280 Rein values for which R2
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< 0.3 were excluded. As for Mya, radial profiles at higher Rein tended to produce
lower values than their axial equivalents: Rerad = 0.8 · Reax + 41 (R2 = 0.69; fig.
2.6B). For Ciona, 20 out of 270 Rein values were excluded. Axial and radial values
agreed well: Rerad = 1.0 · Reax − 0.8 for Ciona (R2 = 0.76; fig. 2.6C). Subsequent
analyses used the median of the axial and the three radial Rein values.
2.4.5

Sensitivity analysis

A sensitivity analysis was performed by fitting profiles using the same method
presented in the Results section. Rather than minimizing R2 between PIV and
CFD profiles, however, we compared shifted CFD profiles with equivalent
untransformed CFD profiles with a range of Rein . Depending on the direction of
the shift, a shifted profile was obtained either by transforming an unshifted profile
or by shifting the transect used to extract the profile from the velocity field. We
compared shifted axial and radial profiles with their unshifted equivalents. The
primary goals were to compare the robustness of the axial and radial profile
methods and to examine overall trends in the relative eﬀects of diﬀerent types of
shifts. We therefore compared a range of shifts in z direction, r direction, and
angle (θ) for both axial and radial profiles. To simplify comparisons, only two Rein
values (200 and 400) and only radial profiles taken 7 mm from the siphon inlet
were tested.
Shifting axial profiles in the z direction (i.e., toward or away from the siphon)
produced relatively large changes in Rein values (fig. 2.9A, B). The eﬀect of shifts
in the z direction was highly dependent on direction. For example, shifting the
profile 0.4 mm toward the siphon (in the negative z direction) increased the Rein
value by 85 at Rein = 200 and 160 at Rein = 400, while shifting the profile 1 mm
away from the siphon (in the positive z direction) only decreased the value by 60
and 115, respectively. Shifts in the r direction were performed in only one
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Figure 2.9: Sensitivity analysis results for axial profiles. Re errors (estimated Re −
actual Re) and R2 values for comparisons of profiles shifted in the z (A and B) or r
direction (C and D) or with shifted profile angles (E and F) at Rein = 200 and 400.
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Figure 2.10: Sensitivity analysis results for radial profiles. Re errors (estimated Re−
actual Re) and R-squared values for comparisons of profiles shifted in the z (A and
B) or r direction (C and D) or with shifted profile angles (E and F) at Re = 200
and 400.
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direction because the profiles are symmetric about the z axis. Fits were less
sensitive to shifts in the r direction than to shifts in the z direction (fig. 2.9C, D).
A shift of 0.4 mm increased the Rein value by 35 for Rein = 200 and 65 for Rein =
400. Rein calculations were fairly insensitive to angle in the 0 − 30◦ range,
probably because the profiles themselves are very similar within that range (fig.
2.9E, F). Rein values diﬀered by ≤5 from the true Re within 15◦ of the axis at Rein
= 200 and within 11◦ of the axis at Rein = 400. Therefore, inaccurate
measurements of siphon inlet angle are unlikely to have significant eﬀects on Rein
calculations. R-squared values were fairly insensitive to all three types of shift but
were most sensitive to shifts in the r direction.
Calculations of Rein from radial profiles were much less sensitive than those
from axial profiles to shifts in both the z and r directions. Shifting profiles toward
the siphon by 0.4 mm increased Re values by 15 at Rein = 200 and 35 at Re =
400, and shifting profiles away from the siphon by 0.4 mm decreased Rein values
by 15 and 30, respectively 2.10A, B). Shifting profiles by 0.4 mm in the r direction
increased Rein values by 10 at Rein = 200 and 20 at Rein = 400 2.10C, D).
Changes in siphon inlet angle produced slightly larger errors in Rein calculations
for radial than for axial profiles 2.10E, F). An angle of 10◦ decreased the Rein
value by 25 at Rein = 200 and 50 at Rein = 400. R-squared values were fairly
insensitive to all three types of shift but were most sensitive to shifts in angle.
2.4.6

Self similarity

A flow exhibits self similarity if profiles of a property—taken from diﬀerent
parts of the flow field—match when scaled by factors that depend on a single
variable (George, 1989). For example, Pope (2000, chapter 5) describes the self
similar properties of round jet flow, for which radial profiles of axial and radial
velocity converge on a single curve for each velocity component, when properly
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scaled. Based on Pope’s description, we hypothesized that inhalant siphon flows
would also exhibit self-similar properties.
We compared CFD-based radial profiles of w and u centered at distances z ∗
from the center of the siphon entrance, where z ∗ = z/D (fig. 2.11 a, b). We define
w0 = w(r = 0) and u0 as the maximum w and u velocities, respectively and r1/2 as
the r-coordinate at which w = w0 /2. As z ∗ increases, w0 and u0 decrease, and the
profiles spread (r1/2 increases). We scale the profiles by dividing r, u, and w by
r1/2 , u0 , and w0 , respectively (fig. 2.11b), as Pope does for a round jet (Pope,
2000). For both w and u, the scaled profiles collapse onto a single curve (i.e., they
are self similar), except for the profile taken at z ∗ = 1, which is within the
development region. Profiles taken farther from the siphon center (z ∗ > 16)
collapse onto the same curves (not shown).
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Figure 2.11: Self similarity of radial velocity profiles. Radial velocity profiles from a
CFD model of an inhalant siphon with Rein = 300 and Din = 3.0 mm. Each profile
is centered on the axis at a distance z ∗ from the siphon center. The legend applies
to all four plots. (A) Unscaled profiles of axial velocity w. (B) Axial velocity profiles
scaled by r1/2 and w0 . (C) Unscaled profiles of radial velocity u. (D) Radial velocity
profiles scaled by r1/2 and u0 . For each set of scaled profiles (B, D), all profiles
collapse onto a single curve except the profile taken closest to the siphon (z ∗ = 1).
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1.7–7.4
0.2–0.75
1.2–3.8
2.6–6.7
0.6–1.3
0.44
0.98

direct: PIV
direct: pressure-based
indirect: E = 1
indirect: E = 1
indirect
indirect
indirect

direct: PIV
direct: dye uptake
direct: dye uptake
indirect

direct: PIV
direct: invasive
direct: invasive
direct: dye uptake
indirect
direct: hot-film anemometry
indirect
indirect: E = 1
indirect: E = 1
indirect: E = 1

Mercenaria mercenaria
This study
Coughlan and Ansell 1964
Hamwi and Haskin 1969
Cerrato et al. 2004

Ciona intestinalis
This study
Goldberg et al. 1951
Kustin et al. 1974
Kustin et al. 1974
Kustin et al. 1974
Fiala-Médioni 1978
Fiala-Médioni 1978
Randløv and Riisgård 1979
Petersen and Riisgård 1992
Petersen and Svane 2002

75, 65
75, 65

65.0–91.5

40 ± 3 (SD)

44.5–62.8
27.4–83.5

28.9–66.5
80
21–45
58–67
57–82

L (mm)

0.28–1.04 DW *
25 WW
1.3–3.0 WW
1.5–2.4 WW
1.1–3.0 WW
0.328, 0.334 DW
0.328, 0.334 DW
0.003–0.318 DW
0.002–1.12 DW
0.026–0.142 DW

0.57–1.04 AFDW
0.36-4.81 DW

0.748 DW
0.694 DW

0.20–2.23 DW
0.87–2.11 DW

0.06–1.03 AFDW

W (g)

16
16
16
15
15
10
15
15

17–19

17–19
18–20
24
21

17–19
12–14
11
12
17–18
12

T (◦ C)

6
1
8
12
16
2
2
10
26
8

7
14
17
6

9
5
5
6
6
1
1

N

Table 2.2: Literature comparison. Comparison of pumping rates from this study to suspension-feeding rates from the
literature. Direct methods produce pumping rates (Q), and indirect methods produce clearance rates (C). Clearance rate
measurements for which 100% eﬃciency is assumed (C = Q) are denoted by E = 1. Significant figures are shown as reported.
* 5.79–15.90 WW

0.1–1.0
∼2
0.0078–0.149
0.005–0.140
0.011–0.555
1.084, 1.495
0.802, 1.104
0.10–1.41
0.09–2.38
0.3–2.9

0.3–3.6
0.9–10.0
1.5–10.2
0.60–1.69

C or Q (l h-1 )

Method type

Reference
Mya arenaria
This study
Foster-Smith 1978
Riisgård and Seerup 2003
Jørgensen and Riisgård 1988
Allen 1962
Shumway et al. 1985
Shumway and Cucci 1987

Figure 2.12: Pumping rate literature comparison. Comparison of Mya pumping
rates from this study (black circles and line; n = 9; y = 6.7 × 10−2 · x1.0 ; R2 = 0.49)
to pumping rates from Jørgensen and Riisgård (1988, green squares; n = 6) and
Riisgård and Seerup (2003, orange triangles and line; n = 5; 7 × 10−4 · x2.47 ; R2 =
0.95).
2.5

Discussion

2.5.1

Reynolds numbers and pumping rates

As predicted, the suspension-feeding flows produced by the three experimental
species covered a wide range of Reynolds numbers, from 8–520 for inhalant flows
and 15–1073 for exhalant flows. All of these Re are below 2,000—the approximate
turbulence threshold for pipe flow (Reynolds, 1883; Davidson, 2015). Gust and
Harrison (1981) found Re close to the turbulent transition for pumping by
burrowing shrimp and suggested that animals are unlikely to regularly pump at Re
above the turbulence threshold. The energetic costs associated with pumping at
high internal Re are high because pressure drop scales linearly with pumping rate
for laminar pipe flow and with pumping rate squared for turbulent pipe flow
(Wilkes, 1999, p. 115).
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Reported suspension-feeding rates from the literature for Mya, Mercenaria,
and Ciona vary greatly (Table 2.2). Direct measurements of suspension-feeding
rates—such as those made using PIV—are less common than indirect
measurements in the literature. Pumping rates (Q) from direct methods cannot
generally be directly compared with clearance rates (C) from indirect methods
because corresponding filtration eﬃciencies (E) are rarely reported along with C
(eq. 2.1). In general, clearance rates should be lower than pumping rates under
the same conditions, but some direct methods appear to produce anomalously low
rates. Methods in which a tube is inserted into the animal’s siphon or the animal
is otherwise constrained, which we will refer to as ‘invasive’ direct methods, appear
to be particularly prone to produce low pumping rates (Riisgård, 2001).
Furthermore, if clearance-rate experiments use particles large enough to be
retained with 100% eﬃciency, pumping rates and clearance rates will be equal
(Møhlenberg and Riisgård, 1978). We therefore expect our results to agree most
closely with previous results based on non-invasive, direct methods or indirect
methods where E = 1.
In our experiments, median pumping rates for Mya individuals with shell
lengths from 29–67 mm ranged from 1.7–7.4 l h-1 (table 2.2). These results
compare favorably with the two studies using indirect methods with E = 1
(Jørgensen and Riisgård, 1988; Riisgård and Seerup, 2003, our fig. 2.12). Our
experimental Mya individuals roughly span the shell length ranges of these two
studies (Jørgensen and Riisgård, 1988; Riisgård and Seerup, 2003), and our values
for Q agree well with their results with the exception of the highest value from
Riisgård and Seerup (2003). Note that the experiments in these two studies were
performed at lower temperatures than ours: 11 and 12 ◦ C for Riisgård and Seerup
(2003) and Jorgensen and Riisgård (1988; 2003), respectively, compared with our
17–19 ◦ C. Based on another set of experiments from Riisgård and Seerup (2003),
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however, a change in temperature from 10–18 ◦ C only increases C by ∼0.36 l h-1 .
Foster-Smith (1978), using a pressure-based direct method, reported pumping
rates much lower than ours: 0.2–0.75 l h-1 for five Mya individuals with shell
lengths of approximately 80 mm. The low rates may have resulted from the
method used, but it is diﬃcult to assess the method because it has not found wide
use. Other clearance-rate measurements for Mya, from studies in which E ̸= 1
were generally low, ranging from 0.4–1.3 l h-1 (Allen, 1962; Shumway et al., 1985;
Shumway and Cucci, 1987).
For Mercenaria, our pumping rates ranged from 0.3–3.6 l h-1 for individuals
with shell lengths from 44–63 mm (Table 2.2). These rates are comparable to
those from two previous studies that used non-invasive, direct methods (Coughlan
and Ansell, 1964; Hamwi and Haskin, 1969). Coughlan and Ansell (1964)
measured pumping rates for 14 individuals, ranging in shell length from 30.2–83.5
mm, and reported maximum pumping rates from 0.9–10.0 l h-1 . The highest
pumping rate values correspond to larger individuals than those used in this study.
Individuals with shell lengths of 55.9 and 58.7 l h-1 (similar to our largest
individuals) had pumping rates of 4.2 and 5.2 l h-1 , respectively, only slightly
higher than our maximum rates. Hamwi and Haskin (1969) reported pumping
rates from 1.5–10.2 l h-1 , but they did not report the sizes of the experimental
animals. Cerrato et al. (2004) reported comparable individual clearance-rate
measurements based on chlorophyll concentration of 0.60–1.69 l h-1 for groups of
nine clams with 40 ± 3 mm (SD) shell lengths. Frank et al. (2008) reported a
maximum exhalant velocity of 48.0 mm s-1 for Mercenaria, based on PIV
measurements, but neither animal size nor sample size were reported. This value is
near the low end of our calculations, which ranged from 25.2–212.1 mm s-1 .
Our pumping rates for Ciona ranged from 0.1–1.0 l h-1 for individuals from
65–92 mm long, weighing from 0.28–1.04 g DW (5.79–15.90 WW, Table 2.2).
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Various methods have been used to measure suspension-feeding rates for Ciona,
and two studies have compared direct and indirect methods (Fiala-Médioni, 1978;
Kustin et al., 1974). Fiala-Medioni (1978) used a direct method, hot-film
anemometry to measure exhalant jet velocities and used siphon diameters to
calculate pumping rates for two Ciona individuals, 75 mm and 65 mm long with
pumping rates of 1.1 and 1.5 l h-1 , respectively. They also included suﬃcient
information to allow us to calculate that Rein = 43 and 75 and Reex = 93 and 112,
respectively. The latter is higher than any of those from our study. Clearance rates
for the same individuals were slightly lower than pumping rates. Kustin (1974)
used two invasive direct methods that both produced very low pumping rates
0.005–0.149 l h-1 for individuals from 1.3–2.4 g WW, lower in fact than clearance
rates measured for similarly-sized individuals. They also estimated a general
internal Reynolds number of 36 for Ciona, which is within the range of our
measurements. At least three studies using indirect methods in which E = 1 have
been published for Ciona (Randløv and Riisgård, 1979; Petersen and Riisgård,
1992; Petersen and Svane, 2002), all of which yielded similar results. Our
maximum pumping rate is lower than those reported in these three studies. The
highest rates are those reported by Petersen and Svane (2002), ranging 0.3 to 2.9 l
h-1 . These measurements are higher than ours for individuals that appear to be
slightly smaller (0.026–0.142 g DW), but the authors acknowledge that their
weight-specific pumping rates are higher than previously reported values and
speculate that the discrepancy may be due to lower weights resulting from
preserving the animals before drying them (Petersen and Svane, 2002).
Furthermore, tests with more large individuals might bring our results in to line
with these previous studies because our largest individual produced anomalously
low pumping rates.
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2.5.2

Allometric scaling

Relationships between body size and C or Q are generally expressed in terms
of power-law functions of the form Q = a · W b or Q = c · Ld , where a, b, c, and d
are fit parameters, and W and L are body weights and shell or body lengths,
respectively. Riisgård and Seerup (2003) suggested that in general, Q should be
proportional to length squared for bivalves because gill area should scale with shell
length squared, and Q should be directly proportional to gill area and therefore
suggest an exponent of b =

2
3

for the relationship between Q and W (Riisgård and

Seerup, 2003). This exponent should be insensitive to the measure of weight used
for the calculation (e.g, dry vs. ash free, with or without shell) if the ratio between
measures of weight is constant (e.g., Ricciardi and Bourget, 1998). It should also
be insensitive to whether C or Q is used if filtration eﬃciency is constant for a
given experiment (eq. 2.1). Riisgård (2001) cited examples of several studies that
reported exponents close to b =

2
3

and d = 2 for various species of bivalves.

Meyhöfer (1985) measured pumping rates, weights, and gill areas for four species
of bivalves and reported exponents close to 1 for the relationship between gill area
and pumping rate for three species but more variable results for the relationships
between weight and gill area and between weight and pumping rate.
To further examine scaling for Mya, we return to the comparison of our study
to two clearance-rate studies for which E = 1 (Jørgensen and Riisgård, 1988;
Riisgård and Seerup, 2003, our fig. 2.12). Riisgård and Seerup reported that
pumping rate scaled with shell length as Q = 7 × 10−4 · L2.47 for Mya, whereas we
calculated a relationship of Q = 0.067 · L1.0 for our data (not shown). Similarly, for
the relationship between weight and pumping rate, Riisgaård and Seerup report
Q = 4.76 · W 0.71 (DW ), whereas we found Q = 5.1 · W 0.34 (AFDW ). The
discrepancies in these exponents may be due in part to an increase in pumping-rate
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variance for larger clams—both between individuals and between sequences for a
given individual—apparent in our data and corroborated by the results from the
other two studies (Jørgensen, 1986; Riisgård and Seerup, 2003). It may also reflect
the wider range of shell lengths of the clams used in our study. Our results for
Mya, suggest that these exponents may be more variable than expected based on
previous scaling arguments. Taking another approach to scaling, we note that:
1
2
,
Q = W in · πDin
4

(2.7)

for flow into the inhalant siphon. Based on our results for Mya, we do not find a
strong correlation between W in and weight (fig. 2.8) or shell length (not shown). If
2
we take W in to be constant, we find Q ∝ Din
. For our experimental animals, we

find that Din scales with shell length as Din ∝ L0.55 (fig. 2.4). Plugging this back
into eq. 2.7, we find that Q ∝ L1.1 , which is similar to our result: Q ∝ L1.0 (d =
1.0). Taking Din to scale linearly with L gives d = 2, the relationship suggested by
Riisgård and Seerup (2003). We hope that future studies will help to clarify these
important scaling relationships by including more individuals over broader size
ranges. It will also be important to report siphon diameters and, in particular, to
compare siphon diameters with other measures of animal size.
2.5.3

Assessment of method

Our sensitivity analysis showed how errors in siphon coordinate and angle
measurements are likely to aﬀect Rein calculations. When using profiles to
calculate Rein , accurately locating the center of the siphon is crucial to producing
an accurate result. Calculations of Rein from radial profiles appear to be much less
sensitive overall than those from axial profiles to errors in siphon center position
measurement. The higher error associated with rotation of radial profiles is
unlikely to be a major issue except at high Rein because an error of more than 10◦
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is much less likely in practice than an error on the order 0.1 mm in the r or z
direction. In the case of a discrepancy in Rein calculation between the two
methods, the calculation from the radial profile is more likely to be accurate. In
fact, because calculations from radial profiles converge on the true Rein more
quickly than calculations from axial profiles when approaching the true siphon
center measurement, the degree of agreement between the two calculations may be
a good diagnostic for the accuracy of the siphon coordinate measurements.
Unfortunately, while R-squared appears to be a good metric for choosing the
Rein values, it does not appear to be a good predictor of the accuracy of siphon
coordinate measurements—except in the case of very bad fits—because it is
relatively insensitive to profile shifts. For calculations from radial profiles, this
insensitivity may be related to the self-similar properties of the flow. A change in
the distance at which a radial profile is taken may have a similar eﬀect on the
shape of the profile as a change in the mean inlet velocity.
We did not include siphon diameter Din in our sensitivity analysis, but errors
in measuring Din may be important as well. Based on eq. 3.1, errors in Rein
should be directly proportional to Din measurement errors. We assumed that Din
was constant throughout the course of sequence. Though we did not formally test
for this eﬀect, observationally Din appeared consistent when the animal was
pumping steadily, as in all of the sequences analyzed in this study. It is also worth
noting that siphons are not perfectly circular in cross section as the axisymmetric
CFD models assume. The axisymmetric assumption is probably reasonable for
Mya and Ciona, both of which had mean ratios of long to short inhalant siphon
axes of 1.1, but a 3D model might produce better results for Mercenaria, for which
the ratio is 1.3. Fits will also be aﬀected by additional water currents not
produced by the inhalant siphon, particularly those from the exhalant jet and from
convection. The use of the inward component of velocity helps to mitigate the
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influences of these currents—particularly jet currents because they are largely
unidirectional—but cannot entirely eliminate them.
The use of velocity fields from CFD models to interpret our results helped to
overcome complications due to laser reflections inherent to the PIV method. This
approach is analogous to the signal processing technique, matched filtering, in
which a known signal or “template” is detected within a signal containing that
template by correlating the two signals (Vasilyev, 2015). By using CFD
simulations, we were able to use the part of the flow for which we had accurate
measurements to calculate Rein values without relying on fits to empirical models.
The advantage of this method can be demonstrated by comparing an axial profile
from a CFD profile to an exponential fit (Troost et al., 2009). Fitting an
exponential function of the form w = a · e−br to an axial profile from a CFD
simulation (D = 3.0 mm; Rein = 300) and sequentially excluding more data in the
region closest to the siphon to simulate data missing due to laser reflection (fig.
2.13). When the function is fitted to the full profile, the approximation is fairly
accurate, predicting a velocity of 110.8 mm s-1 , slightly higher than the true value
109.0 mm s-1 . As more data are excluded from the fit, however, the prediction of
the velocity at the siphon inlet quickly diverges from the true value, and excluding
the 4 mm of velocity data closest to siphon, which is realistic for a PIV
experiment, yields a prediction nearly an order of magnitude lower (13.7 mm s-1 )
at the siphon inlet. The CFD models provide complete velocity fields, allowing us
to make eﬀective use of our experimental data.
2.5.4

Conclusions

We have presented results from a new technique for quantifying
suspension-feeding flows. Indirect measurement techniques are often highly
dependent on experimental conditions and have complicated comparisons between
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Figure 2.13: Comparison of CFD model with exponential fit. An axial velocity
profile from a CFD model with D = 3.0 mm and Re = 300 (dotted line) compared
with fits to the exponential function w = Ae−Br . Inner sections of the profile of
varying length were excluded from the fit to simulate missing data near the siphon
inlet. A fit to the full profile (not shown) predicts that w = 110.8 mm s-1 at the
siphon inlet z = 0, close to the true value of 109.0 mm s-1 . A fit excluding the 4
mm closest to the siphon, however, predicts w = 13.7 mm s-1 , nearly an order of
magnitude less than the true value.
studies. We hope that the use of non-invasive, direct methods, such as the one
presented here will help illuminate general patterns in suspension feeding that may
be masked by experimental conditions. Experiments that combine indirect and
direct methods may be especially valuable. We would also like to emphasize the
utility of the Reynolds number as a dimensionless parameter for quantifying and
comparing siphon flows and the importance of reporting siphon inner diameters,
which can be used to calculate Reynolds numbers and other parameters of interest.
Accurate measurements of suspension-feeding rates are crucial for ecosystem
models (Cranford et al., 2011; Cerco and Noel, 2010). The wide range in published
suspension-feeding rate measurements (table 2.2) indicates the need for more
robust methods, such as those presented here.
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Chapter 3
HYDRODYNAMIC CHALLENGES IN SUSPENSION FEEDING BY
JUVENILE CLAMS
3.1

Abstract
Recently settled juvenile bivalves have rapid growth rates that help them

minimize high predation mortality rates. The suspension-feeding activity that they
use to support such rapid growth is not well studied. We present some of the few
pumping-rate measurements and possibly the first velocity-field calculations for
early post-settlement juvenile bivalve clams. For 1.8–2.8 mm shell length Mya
arenaria clams, pumping rates ranged from 0.03–0.22 mm3 s-1 , inhalant siphon
Reynolds numbers Re ranged from 0.16–0.79, and mean inhalant velocities ranged
from 0.8–3.2 mm s-1 . Pumping rates increased much more rapidly with shell length
for the juveniles in this study than for adults from previous studies. We propose
that pumping rates in juvenile but not adult Mya clams are limited by siphon
diameter. Due to the low Re at which they pump and the small diameters of their
siphons, juvenile clams are subject to unique hydrodynamic challenges, including
high siphon resistance and susceptibility to refiltration. Juvenile clam siphon
morphology appears adapted to mitigating these challenges.
3.2

Introduction
Mya arenaria clams are infaunal marine suspension feeders. Due to their high

suspension feeding rates, populations of Mya provide an important link between
benthic and pelagic ecosystems. In areas of the Baltic Sea, for example, Mya has
been shown to process the entire water column within less than one day (Forster
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and Zettler, 2004). They also support valuable fisheries in New England and
elsewhere (Newell, 1991).
The early post-settlment stage of Mya development is known as the
“swimming-crawling” phase and lasts 2–5 weeks preceding eventual burrowing into
sediments (Newell, 1991). Before burrowing into sediments, juvenile Mya initially
settle onto rocks and macroalgae where they may remain attached by byssal
threads until they have reached a shell length of ∼7 mm before detaching, sinking,
and burrowing into the sediment below (Kellogg, 1900).
The early post-settlment juvenile stage is a crucial one for Mya.
Post-settlement processes, including predation and hydrodynamic transport, may
be as important as larval transport and settlement in determining the ultimate
distributions of adults (Bowen and Hunt, 2009). Mortality rates are high for many
benthic marine invertebrates (Hunt and Scheibling, 1997), often exceeding 90%
(Gosselin and Qian, 1997). Commito (1982), working in Eastern Maine, USA,
found Mya mortalities as high as 96% per year over the first 5 yr, mainly due to
predation by the gastropod Euspira heros. In another case—also in Eastern
Maine—predation rates by E. heros on juvenile Mya less than 10 mm shell length
exceeded 70% in a single month (Beal, 2006). Hunt and Mullineaux (2002) found
that densities of juvenile Mya with shell lengths > 5 mm were primarily controlled
by predation while densities of those with shell lengths < 5 mm were primarily
controlled by bedload transport.
Juvenile Mya grow quickly relative to their size. Under optimal conditions, a
Mya individual with ∼1.2 mm shell length grows ∼2 mm per month, and a
∼2.6-mm clam grows ∼4 mm per month (Stickney, 1964). Initial rapid growth
may help juvenile Mya avoid size-specific predation, partly by increasing the depth
to which they are able to burrow (Commito, 1982; Günther, 1992). Results from a
series of growth experiments with juvenile Mya from a single spawning event
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suggest that growth rates begin to diverge early and that individuals that initially
grow more quickly continue to do so, leading to a skewed size distribution that was
also observed in the field (Stickney, 1964). Because of the energy required for their
rapid growth, feeding rates are particularly important for juvenile clams. These
rates are diﬃcult to measure, however, and have rarely been reported (but see
Bunt et al., 1993; Jacobs et al., 2015; Riisgard et al., 1980; Lesser and Shumway,
1993; Shumway et al., 1997).
Scaling arguments suggest that the suspension feeding rates of juvenile Mya
and other small, siphonate suspension feeders may be severely limited by inhalant
and exhalant siphon diameters. According to the Poiseuille’s equation—which
describes well-developed, laminar flow in a siphon—volumetric flow rate Q scales
to the fourth power with siphon diameter D (Poiseuille, 1844; Sutera and Skalak,
1993) for a given pressure gradient, so small changes in siphon diameter could
result in much larger changes in suspension feeding rate. Entrance region eﬀects
will reduce this flow still further (Loudon and McCulloh, 1999). In addition,
juvenile suspension feeders may require diﬀerent means to avoid
refiltration—pumping particle-depleted exhalant water in through the inhalant
siphon—than adults, which produce strong, coherent exhalant jets.
3.3

Materials and Methods

3.3.1

Animals

Junvenile Mya arenaria clams (n = 8; shell length L = 1.8–2.8 mm),
approximately 2 mo post-settlement, were obtained from the Downeast Institute
(Beals, ME, USA) and transferred to Woods Hole Oceanographic Institution
(Woods Hole, MA, USA) where they were maintained in a recirculating seawater
tank between experiments. Experiments were performed over 3 d. Actively
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pumping individuals were haphazardly selected for experiments and gently
separated from aggregations if necessary.
3.3.2

Video Capture

Experiments were performed in a glass tank with inner dimensions
44 × 34 × 96 mm (width × depth × height). The tank was filled to ∼100 ml with
filtered seawater (17-19 ◦ C, practical salinity 33) seeded with 3 µm polystyrene
beads (Polysciences, Inc., Warrington, PA, USA). Seawater density and viscosity
were calculated for each individual based on the water temperature and salinity
during the experiments with that individual. Individual clams were positioned on
a circular stage 20 × 4 mm (height × diameter) centered in the tank.
Videos of clam feeding were captured at 2000 fps using a FASTCAM SA3
(Photron, Tokyo, Japan) high speed camera fitted with a long working distance
3× plan objective, which provided a 4 × 4 mm (1024 × 1024 px) field of view.
Illumination was provided by a collimated LED light source. This system is
described in more detail in Gemmell et al. (2014b).
Shell lengths and widths were measured post-experiment using a dissecting
microscope with an ocular micrometer. Diameter, location, and orientation of the
inhalant siphon opening were measured from video sequences. We estimated the
external portion of the inhalant siphon to be ∼0.25 mm long. We were unable to
accurately determine the total length—including the internal portion. Equations
that rely on Ls strictly apply to the fully developed region of the siphon flow.
Based on eq. 10 in Jumars (2013), we estimated the entrance lengths to be on the
order of 0.1 mm. Based on these assumptions, we estimated the length of the fully
developed region of the siphon flow to be Ls = L/4.
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3.3.3

Vector Field Calculation

For each Mya individual, five 200-frame video sequences (0.1 s) were selected
and imported into DaVis (LaVision, Goettingen, Germany) for PIV processing.
For each sequence, frames were intensity inverted, and a 2-pixel sliding background
filter was applied. Then, an intensity threshold-based mask was applied to exclude
the animal and the stage from vector calculations. Vector fields were calculated in
single-frame mode using one pass with 64 × 64 px interrogation windows (50%
overlap) followed by four passes with 32 × 32 px interrogation windows (75%
overlap). Calculated vector fields were time averaged and exported for further
processing. Inhalant siphon position and diameter were recorded for each video
sequence.
3.3.4

Computational Fluid Dynamics Models

Computational fluid dynamics (CFD) model simulations were performed to
calculate theoretical vector fields for comparison with experimental velocity fields.
The model was axisymmetric and consisted of a cylindrical inhalant siphon with
0.3 mm inner diameter, drawing water from a large, hemispherical domain. Similar
models were described by Jumars (2013). Previous studies have shown similar
models to perform well against experimental data (Chapter 1, Du Clos et al., in
revision; True and Crimaldi, in revision). Simulations were carried out in
COMSOL Multiphysics, using the PARDISO solver and the BDF time-stepping
method. Initial simulations were performed to ensure mesh independence. The key
dimensionless parameter for the model is inhalant siphon Reynolds number:
Rein =

U Din
,
ν
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(3.1)

where U is mean velocity across a cross section of the inhalant siphon, Din is
inhalant siphon inner diameter, and ν is the water’s kinematic viscosity. The
model was run over a range of Rein spaced at intervals of 0.01.
3.3.5

Profile Fitting

Cylindrical axes were assigned based on the position of the siphon with the
origin located at the siphon inlet’s center and the r and z axes parallel to and
perpendicular to the inhalant siphon opening, respectively.
Reynolds numbers were calculated based on a technique first presented in Du
Clos et al. (in revision). Axial velocity profiles were extracted from PIV-produced
vector fields along transects beginning at the center of the siphon opening and
extending 4 mm away from the siphon, either parallel to the siphon axis
(perpendicular to the siphon opening) or at ±15, 30, 45, or 60 degrees from the
axis (fig. 3.5). Corresponding profiles were extracted from CFD-based profiles at
each simulated Rein value. The inward velocity component—i.e., the component
directed toward the siphon center—was then calculated for each profile, and
profiles were normalized by ν and siphon diameter. The Rein value for each
sequence was chosen by minimizing root-mean-square error (RMSE) between a
PIV-based inward velocity profile and corresponding profiles for CFD-based
simulations over a range of Rein . The profile angle for each sequence was chosen to
minimize the influence of the exhalant siphon current and background convection.
Rein values were then used to calculate pressure gradient, mean inhalant velocity
U , pumping rate Q, and inhalant siphon resistance R for each sequence using the
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follow equations:
Rein ν
Din
1
2
Q = U · πDin
4
µLs
R=
,
4
πDin
U=

(3.2)
(3.3)
(3.4)

where Ls is length of the fully developed region of flow in the inhalant siphon and
µ is the water’s dynamic viscosity.
3.3.6

Statistical Analysis

Allometric relationships were calculated between size parameters (shell length
L, shell width, and inhalant siphon inner diameter Din ) and flow parameters
(inhalant Reynolds number Rein , mean inhalant velocity U, pumping rate Q,
siphon resistance R, and pressure drop ∆p) using power-law fits. Relationships
were based on the mean of five image sequences for each individual (n = 8). Error
bars represent the standard error of the mean (SEM) for the five sequences.
3.4

Results

3.4.1

Allometric relationships

Shell lengths L and widths ranged from 1.8–2.8 mm and 1.3–1.9 mm,
respectively. Shell width increased approximately linearly with shell length (L; fig:
3.1A). Based on a linear fit forced through the origin, L was approximately 1.4
times shell width (not shown, R2 = 0.95). Inhalant siphon inner diameters (Din )
ranged from 0.2–0.3 mm and increased less than linearly with L (fig: 3.1B).
3.4.2

Flow parameters

Inhalant siphon Reynolds numbers (Rein ) for Mya individuals (n = 8) based
on the mean of 5 sequences, ranged from 0.16–0.79. Mean inhalant velocities (U )
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Figure 3.1: Allometric fits. (A) Shell width and (B) siphon inner diameter Din
plotted against shell length L. Lines indicate power-law fits. For B, Mean and SEM
of five Din measurements are shown (one for each sequence).
ranged from 0.8–3.2 mm s-1 (fig. 3.2). Rein and U both increased rapidly with shell
length (L) and siphon inner diameter (Din ), but L was more highly correlated with
both Rein and U than was Din .
Mean individual pumping rates (Q) ranged from 0.03–0.22 mm3 s-1 (fig.
3.3A,B) and increased rapidly with both shell length (Q ∝ L6.6 ) and siphon
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Figure 3.2: Reynolds number and inhalant velocity. Mean and SEM of (A, B)
inhalant Reynolds number Rein and (C, D) mean inhalant velocity U for each Mya
arenaria individual (n = 8) plotted against shell length L and siphon diameter D,
based on five sequences for each clam. Lines indicate power-law fits.
diameter (Q ∝ 4.7). As expected, inhalant siphon resistance R was negatively
−2.8
correlated with Din (R ∝ Din
; R2 = 0.96; fig. 3.3D).

3.4.3

Description of the flow field

Observations of the interactions between inhalant and exhalant siphon
velocity fields were based on experiments with a single Mya individual (fig. 2.2).
Here we describe flow fields produced by this individual as an example.
The flow field consists of interacting flows produced by an inhalant siphon
surrounded by a ring of tentacles and an exhalant siphon with a cone-shaped
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Figure 3.3: Pumping rate and resistance. Mean and SEM of (A, B) pumping rate
Q and (C, D) resistance R for each Mya arenaria individual (n = 8) plotted against
shell length L and siphon diameter D, based on 5 sequences for each clam. Lines
indicate power-law fits.
extension (fig.3.4). We compared velocity profiles taken along axial transects
perpendicular to the inhalant and exhalant siphon openings (fig. 3.5). Maximum
measured inhalant velocity magnitudes from the axial profile were ∼1.1 mm s-1 at
∼0.23 mm from the inhalant siphon center (fig. 3.5A). Based on CFD models, the
corresponding mean velocity within the inhalant siphon was 3.9 mm s-1 . The
exhalant produced faster flows than the inhalant with maximum measured
velocities of ∼2.3 mm s-1 at ∼0.15 mm from center of the exhalant siphon
extension’s tip (fig. 3.5B). The exhalant flow entrains water from along the
animals’s body and from the far field. Based on the positive vorticity between the
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Figure 3.4: Example flow field. Images from a PIV experiments with Mya arenaria.
Inhalant (above) and exhalant siphon velocity fields are both in the image plane,
and the animal’s ventral side faces the top of the frame. A monofilament tether
attached to the animal’s dorsal side can be seen near the bottom of each image.
(A) Time-averaged (0.1 s) velocity magnitude field. (B) Pathlines for inhalant and
exhalant siphon flows from a stack of 1000 images taken over 0.5 s. Regions of high
positive and negative vorticity are indicated by + and −. The dotted line indicates
the approximate location of a split between water that will enter the inhalant siphon
and water that will be entrained into the exhalant flow.
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Figure 3.5: Example velocity profiles. Axial profiles of radial (u) and axial (v)
velocity components taken along transects starting at the center of (A) inhalant
and (B) exhalant siphon openings. The negative of the axial component of velocity
is shown in A to facilitate comparison with B. Profiles were taken from the same
velocity field shown in fig. 3.4.
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inhalant and exhalant flows and the negative vorticity distal to the inhalant
siphon, it appears that the exhalant siphon is surrounded by a vortex ring (fig.
3.5B). The flow constricts close to the exhalant opening. Between the inhalant and
exhalant flows is a separation region. On one side of this region water flows toward
the inhalant siphon; on the other water is entrained into the exhalant flow.
Exhalant siphon Reynolds numbers Reex were calculated according to the
formula Reex = Rein · Din /Dex , where Dex is exhalant siphon diameter. For this
individual, Reex ranged from 1.2–4.2. Based on these Reex values, mean velocities
across the exhalant siphon opening ranged from 14.8–59.3 mm s-1 .
3.5

Discussion
Our measured pumping rates of 0.03–0.22 mm3 s-1 for 1.8–2.8 mm L Mya

individuals appear to agree well with the few published measurements for juvenile
bivalves. Bunt et al. (1993) measured pumping rates of 0.20–1.24 mm3 s-1 for 2–11
mm shell length zebra mussels (Dreissena polymorpha) by tracking a plume of dye
in the exhalant flow. Jacobs et al. (2015) measured clearance rates for 1.7–25 mm
shell length Mytilus edulis mussels, the smallest two of which (both with L = 1.5)
had clearance rates of 0.21 and 0.24 mm3 s-1 . Riisgård et al. (1980) measured
clearance rates from ∼0.4–1.3 mm3 s-1 for juvenile M. edulis with shell lengths of
∼1.3–1.7 mm. A few other studies have measured clearance rates for juvenile
bivalves but reported results did not allow useful comparison with our results (e.g.,
Lesser and Shumway, 1993; Shumway et al., 1997).
Perhaps the most striking feature of the pumping rate data presented here is
the rapid increase in Q as a function of L, as expressed by the relationship
Q = a · Lb (fig. 3.3A). The exponent b = 6.6 found here contrast starkly with
results from a previous study with adult Mya in which pumping rate were found to
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be linearly related to shell length (fig. 3.6A Du Clos et al., in revision). Other
studies have reported adult pumping rates proportional to shell length squared for
various bivalve species as reviewed by Riisgård (2001). Contrasting exponents, b,
suggest that diﬀerent mechanisms may contrain pumping rates in juveniles and
adults. Several authors have suggested that gill area controls pumping rates for
adult bivalves, partly based on the observation that both scale approximately with
L2 (Meyhöfer, 1985; Jones et al., 1992; Riisgård and Seerup, 2003), though Vahl
(1973) found that gill area increased more rapidly with size than pumping rate for
M. edulis. Riisgård et al. (1980) found Q ∝ W 1.03 for M. edulis, a more rapid
increase than normally observed for adults (Q ∝ W 0.67 ) and suggested that the
discrepancy could be explained by non-isometric growth of the gills of juveniles
(ie., the gills may grow more quickly than other parts of the body).
Non-isometric gill growth is probably insuﬃcient to explain the relationship
between Q and L found in this study. Instead, we propose that pumping rates are
limited by siphon diameter. In this discussion, we refer to inhalant siphon
diameter Din , but exhalant siphon diameter is likely to be linearly correlated with
Din and will probably play a similar role. Flow within the inhalant and exhalant
4
siphons depends on Din
, as expressed by Poiseuille’s law:

Q=

π ∆p 4
D ,
128 Ls in

(3.5)

where ∆p is the pressure drop between the two ends of the siphon and Ls is siphon
length. Siphon diameter Din appears to account for much of increase in Q with
animal size seen in this study, as seen in the relationship between inhalant siphon
4.7
diameter and pumping rate (Q ∝ Din
; fig. 3.3B). If we assume that 4.0 of the

exponent a = 4.7 is due to D, the remaining 0.7 is due to ∆p/Ls . Assuming that Ls
is positively correlated with D, ∆p must also be positively correlated with D. The
positive correlation between ∆p and D may be due to the combined eﬀects of an
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Figure 3.6: Comparison with adults. diMean and SEM of pumping rate, Q, for
juvenile (this study, n = 8) and adult (Du Clos et al., in revision, n = 9) Mya
arenaria individuals plotted against (A) shell length L and (B) siphon inner diameter
D. Error bars for adults are too short to be displayed. Orange and black lines
indicate power-law fits for juveniles and adults, respectively.
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increase with animal size of pumping by the gills and decrease with animal size of
resistance in other parts of the clam “system” than the siphons. These resistances
have been estimated for M. edulis (Jørgensen, 1986), but it is unclear how they
would diﬀer between juveniles and adults. Siphon resistance also decreases rapidly
with L and Din (fig. 3.3C,D). Pumping rate increases more gradually as a function
2.1
of Din for adults than for juveniles (Q ∝ Din
; fig.3.6B). We therefore suggest that

siphon diameter limits pumping rate in juvenile but not adult Mya clams.
Whereas Kellogg (1900, fig. 2 therein) depicts the juvenile Mya siphons as
essentially scaled-down versions of their adult counterparts, our observations
suggest that juveniles have siphons that are specifically adapted to the particular
hydrodynamic challenges of suspension feeding at low Re. Because of their small
siphon diameters, juvenile clam siphons have high resistances. Siphon resistance
4
decreases as a function of Din
and increases linearly with siphon length (eq. 3.4).

Adult Mya have long siphons that may account for 40–50% of their body weights
(Zwarts and Wanink, 1989). Selection pressure to avoid predation by burrowing
deeper appears to outweigh the increased resistance associated with longer siphons
(Zaklan and Ydenberg, 1997). By contrast with adults, juveniles have short
siphons relative to their size. Short siphons may allow juvenile clams to mitigate
the increased resistance due to their small siphon diameters. We would also expect
juvenile clams to minimize resistance by increasing their siphon diameters rapidly
as they grow. Interestingly, siphon diameter increases slightly less than linearly
with shell length (Q ∝ L0.71 ; fig.3.1B). It therefore seems likely that siphon
diameter is controlled by some factor other than siphon resistance, such as shell
gape.
Avoiding refiltration is also likely to be more challenging for juvenile clams
than for adults due to low Re. This is particularly true for Mya, which has
adjacent inhalant and exhalant siphons. The exhalant jets of adult Mya operate at
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relatively high Re (∼300–1000, Du Clos et al., in revision), making them highly
directional and coherent. They are directed away from the inhalant siphon by a
fold of tissue surrounding the exhalant siphon outlet. Juvenile Mya are unable to
produce highly directional jet currents because they operate at much lower Re
with diﬀusion dominating advection. The exhalant siphon extension, which is
present in juvenile but not adult Mya may be one adaptation to this challenge (fig.
3.4B). This structure has been documented in juvenile Mercenaria mercenaria
(Carriker, 2001) but has otherwise received little attention in the literature. Based
on our calculated flow fields, the exhalant extension appears to limit refiltration by
redirecting the exhalant flow and physically separating it from the inhalant siphon
opening. The smallest, most recently settled juveniles may be unable to overcome
the limitations of suspension feeding at low Re. Many species of bivalves perform
a form of deposit feeding known as pedal feeding upon settling before eventually
switching to suspension feeding (Caddy, 1969; Reid et al., 1992). We hypothesize
that experiments with more recently settled siphonate juvenile bivalves may reveal
a minimum size and Re for siphonate suspension feeding. Additional
clearance-rate measurements for clams of intermediate size may clarify how
suspension-feeding constraints change with animal size.

63

Chapter 4
PIPETTE CAPTURE REGIONS
4.1

Abstract
Pipetting is an essential component of many in situ and laboratory sampling

and separation techniques, but surprisingly little is known about the sources of
pipetted fluid are spatially distributed. Shapes and locations of these pipette
‘capture regions’ are particularly important when samples are drawn from a
heterogeneous fluid. Using a numerical model of a pipette drawing from a
fluid-filled cylinder, we compute capture regions for various combinations of
pipette Reynolds number Re, cylinder geometry, and sample volume. Results
reflect the varying influence of impermeable, no-slip solid boundaries. Capture
regions move upward in the cylinder as Re increases. Narrower cylinders produce
more peaked, higher capture regions, whereas wider cylinders produce wider, more
rounded capture regions. Shallower cylinders produce higher capture regions in
wide but not narrow cylinders. Therefore, the best sampling techniques are goal
specific. For gravitational separation, a narrow cylinder and a high Re are
desirable. To sample evenly from the region surrounding the pipette, moderate Re
and wide, deep cylinders should be used. Calculation of capture region geometry
through time reversal in numerical models promises to be a more generally useful
method for optimizing sampling and separation devices and procedures.
4.2

Introduction
Increasing ease of computational fluid dynamics (CFD) is facilitating

retrospective analyses of long-standing fluid methods and of models that were too
diﬃcult to solve without simplifying (and potentially oversimplifying)
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assumptions. Models of flow into a pipe date back at least to Boussinesq (1891)
and had converged on the assumption that flow velocity across the pipe inlet was
uniform, not because it was realistic but because it made solutions tractable.
Recent numerical models of steady flow into a pipe show radical deviation from
that assumption, especially at low pipe Reynolds numbers (Jumars, 2013).
Pipetting has a rich history and is perhaps the most ubiquitous laboratory
sampling technique. The term “pipette” was coined by Gay-Lussac (1830), but the
device had already been used since late in the prior century. The modern bulb
pipette has been used since at least the early 1910s (Wright, 1912), while the
micropipette was invented by Schnitger in the early 1950s (Klingenberg, 2005).
Applications for pipetting fall into two broad categories. In the first, the goal is to
take a representative sample or aliquot from a larger volume. An implicit
assumption of applications in this category is that the larger volume is perfectly
well mixed. In the second category, which includes the gravitational separation
method commonly used for sediment size analysis (Folk, 1980; Black, 1965), the
goal is to sample from a discrete spatial region within the larger volume.
Assumptions for this category are that the entire sample originates from within
this region and that the larger volume is not well mixed. Despite these
contradictory assumptions, similar techniques are often used to achieve both goals,
and few attempts have been made to test for possible biases of these methods.
While some attention has been paid to quantifying error in the quantity of liquid
sampled by pipettes (Ellis, 1973; Feldmann and Lochner, 2016), we could locate
only one prior study examining the spatial distribution of the sample origins
(Köhn, 1928), which reached the conclusion that half of the fluid was drawn from
above and half from below the orifice.
The flow investigated in this study is related to at least three classic flow
problems. The first is fully developed flow inside a pipe. This flow is described by
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Poiseuille’s equation, which is an analytical solution to the Navier Stokes equations
confirmed by Poiseuille’s experimental work (Poiseuille, 1844). The solution gives
an axisymmetric parabolic velocity profile across the pipe diameter with zero
velocity at the wall boundaries and maximum velocity equal to twice the mean at
the axis. Solution methods can be found in texts by Batchelor (1967, p.179),
Schlichting (1968, p.85), Kundu and Cohen (2008, p.302), and many others. The
second problem is flow in the entrance region of a pipe, the region between the
pipe inlet and the fully developed region described by Poiseuille’s equation.
Beginning with Boussinesq (1891), many approaches have been used to describe
this flow. Studies have often focused on the development length, the distance from
the inlet at which the flow is considered fully developed based on a threshold of
similarity to Poiseuille’s equation. Reviews of analytical and numerical approaches
to studying this flow can be found in Fargie and Martin (1971) and Durst et al.
(2005). Jumars noted that previous analytical and numerical solutions assumed
simplified boundary conditions, most commonly uniform velocity across the inlet
(slug flow) and provided a new approach based on numerical models of steady flow
into a pipe from an essentially unbounded domain (Jumars, 2013) . The third
problem is flow through a sudden contraction in a pipe, reviewed by Fan and
Hwang (1966) and Boger (1982). Studies of this flow often characterize the
pressure drop across the contraction. This flow is also commonly used as a
benchmark for numerical methods, particularly in studies of non-Newtonian fluids
(Boger et al., 1986). Similarly to the pipe entry problem, early solutions generally
assumed a uniform velocity profile across the contraction (Astarita and Greco,
1968; Durst and Loy, 1985), but later numerical results used fully developed flow
upstream from the contraction (Kim-E et al., 1983).
Despite the similarity of the flow studied here to the three flows described
above, the flows are suﬃciently diﬀerent that they cannot be used for our
66

purposes. The first two flow problems provide only information relevant to flow
within the pipe, while we are interested in the flow outside of the pipe (or pipette)
that is driven by this internal flow. The third flow problem describes flow between
two cylinders of diﬀerent diameters, as ours does, but it is primarily a
unidirectional flow, whereas our problem is fully two-dimensional (axisymmetric).
In addition, the second and third problems assume a uniform velocity at the inlet,
whereas we require an accurate velocity profile in this region because the flow at
the inlet drives the flow in which we are interested.
Another related, commonly-studied problem is flow into a pump intake. A
pump intake is a siphon that draws water from an open channel. While this flow is
similar in geometry to flow into a pipette, pump intakes operate at Reynolds
numbers on the order of 104 - 105 , much higher than pipette flows, and studies
tend to focus on characterizing and controlling vortices (Melville et al., 1994).
Our models are based on Jumars’s numerical pipe flow models (Jumars,
2013), but pipette sampling diﬀers in two important ways from these models
(Jumars, 2013). First, pipette sampling is inherently unsteady. Second, Jumars
(2013) modeled flow far from any lateral, solid boundaries, whereas pipette
sampling is usually carried out not much more than 10 pipette diameters from
impermeable, no-slip, container walls. In this study, we develop a CFD model of
pipette flow based on an earlier model presented by Ogden and Du Clos (Ogden
and Du Clos, 2014; Pensis et al., 2014). The original model was a two-phase
(water and air) simulation of a pipetting technique used in gravitational separation
for quantifying fine crystalline silica in powders. Here we further develop the idea
of a capture region as a bounded region in the fluid from which the pipette sample
is drawn, and we reverse time in the model to identify source locations of the fluid.
Specifically, we model a pipette drawing from a cylinder to test the eﬀects of
cylinder geometry, pipette Reynolds number, and sample volume on capture region
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shape and position. The capture region approach appears to have broad utility in
analyzing unsteady flows into an orifice and in optimizing orifice geometry and
fluid sampling design.
4.3

Materials and Methods

4.3.1

Problem description

We modeled a cylindrical pipette drawing fluid from a larger cylindrical
container (Fig.4.1, Table 4.1). The pipette and cylinder inner diameters are φ and
D, respectively, and the pipette wall thickness is 0.1 φ. The inside and outside
edges of the orifice are rounded, with radius 0.02 φ. The downward-facing pipette
orifice is located a distance H from the cylinder bottom (the ‘cylinder depth’). The
cylinder walls extend vertically HC = 20 φ above the orifice (the ‘cylinder height’).
Varying HC produces minimal change in the shape and position of the capture
region. The pipette outlet extends an additional 10 φ above the top of the cylinder.
The pipette draws fluid from the cylindrical container at volumetric flow rate
Q. The resulting flow field in the pipette and the cylinder is described by the
dimensionless, incompressible Navier-Stokes equations:
1 2 ∗
∂u∗
+ u∗ · ∇u∗ = −∇p∗ +
∇ u,
∗
∂t
Re

(4.1)

∇ · u∗ = 0,

(4.2)

where u∗ , t∗ , and p∗ are the dimensionless velocity vector, time, and pressure,
respectively (Table 4.1). The convention of using starred variables to indicate
dimensionless quantities will be used throughout. Length, time, velocity, and
pressure are scaled by φ, φ/w̄, w̄, and ρw̄ 2 , respectively, where ρ is the density of
the fluid. The pipette Reynolds number Re for the flow is defined as:
Re =

φ w̄
,
ν
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(4.3)

Symbol
φ
D
H
HC
Q
u
t
p
ρ
Re
w̄
ν
T
n
fup
zmax
zmin
rmax

Definition
pipette inner diameter
cylinder inner diameter
cylinder depth (below pipette tip)
cylinder height
volumetric flow rate
velocity vector
time
pressure
fluid density
pipette Reynolds number
mean vertical velocity inside pipette
fluid kinematic viscosity
pipetting duration
normal vector
ratio of upper to total capture volume
maximum positive vertical extent of capture region
maximum negative vertical extent of capture region
maximum horizontal extent of capture region

Table 4.1: Symbols used in Chapter 4. Dimensionless equivalents are indicated by
asterisks.
where ν is the kinematic viscosity of the the fluid and w̄ = Q/π(φ/2)2 is the mean
vertical velocity inside the pipette.
The dimensionless pipetting duration (the time required to extract a given
volume of fluid) is denoted T ∗ and calculated as:
T∗ = T ·

w̄
Re ν
=T · 2 ,
φ
φ

(4.4)

where T is the dimensional pipetting duration. The dimensionless cylinder height
and diameter are H ∗ and D ∗ , respectively. To determine relevant ranges for model
parameters, we estimated w̄, Re, and T ∗ for some commonly used pipettes and
syringes (Table 4.2). The model was run for values of Re ranging from 0.5 to 1024,
covering typical pipettes within the laminar flow regime.
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Figure 4.1: Pipette model schematic. A cross section of the axisymmetric pipette
model, showing the axis (dashed line) and the model’s geometric parameters and
boundaries. The extent of the fluid domain is shown in gray. Geometric parameters
shown are pipette inner diameter φ and cylinder depth H, diameter D, and height
HC . The pipette ‘outlet’ boundary and cylinder ‘inlet’ boundary at the fluid’s free
surface are indicated. The remaining boundaries are no slip. The figure is not drawn
to scale.
4.3.2

Numerical methods

Time-dependent velocity fields were calculated with the laminar flow module
of COMSOL Multiphysics, using the PARDISO solver and the BDF time-stepping
method. The model used an unstructured mesh with quadrilateral elements along
the boundaries and triangular elements elsewhere. A significantly finer mesh was
used inside the pipette and in the region within 1 φ of the origin. A mesh
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Volume (µl)
0.2
2
2
20
20
200
100
1,000
1,000
5,000

Duration (s) w̄ (m s-1 )
Micropipette
1 0.003
1 0.03
1 0.01
1 0.1
1 0.1
1 1.2
1 0.2
1 2.2
2 0.4
2 2.0
Serological pipette
5 0.3
Volumetric pipette
15 0.4
Syringe
4 0.4
5 0.6
10 1.6

φ (mm)
0.30
0.30
0.46
0.46
0.46
0.46
0.76
0.76
1.27
1.27

5,000 2.0
20,000 2.0
5,000 2.0
10,000 2.0
50,000 2.0

Re

T∗

1
9
8
94
6
26
55
262
55
262
554 2,616
168
290
1,675 2,900
501
622
2,506 3,108
637

796

849 3,183
796
796
1,273 1,592
3,183 7,958

Table 4.2: Parameter estimates for some common pipettes and syringes. Estimates
were calculated from orifice measurements (inner diameter) and estimates of
sampling time (duration). Lower and upper ends of the volume range are shown for
five types of micropipette.
refinement study was performed at Re = 0.5, 128, 512, and 1024. After achieving
mesh independence for all Re, a single mesh discretization was used for all
subsequent model runs.
A velocity boundary condition was applied to the pipette outlet, which was
located 10 φ above the cylinder inlet, allowing the velocity within the pipette to
reach a fully developed parabolic profile, with centerline axial velocity w = 2w̄, at
z = HC (Fig. 4.1). In preliminary model runs, we found results to be insensitive to
the eﬀect of a moving fluid interface in the cylindrical container, so the location of
the free surface was fixed at the cylinder inlet boundary, and treated as an inlet to
satisfy continuity. The cylinder inlet was assigned a Dirichlet pressure boundary
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condition p = 0, with no viscous stress [µ(∇u + (∇u)T )]n = 0. All pipette and
cylinder walls were impermeable and no-slip u = 0.
Surface tension was not included in the boundary conditions because the
capture regions result from the flow in the region close to the pipette mouth,
which is far from the inlet and outlet boundaries where surface tension may be
important. Because we prescribe a velocity outlet at the pipette mouth, any eﬀect
of capillarity will be included in the calculated velocities.
We define a capture region as the region within the cylinder from which fluid
is drawn into the pipette over a given time interval T ∗ and calculate it by tracing
its boundary. Capture regions were calculated by placing 10,000 evenly spaced,
passive Lagrangian tracers across the pipette orifice and advecting them
backwards in time using the previously calculated time-dependent velocity fields to
find their initial positions at t∗ = 0. Capture region volume was determined by
numerical integration of the region bounded by the particle coordinates. The ratio
of the volume V up residing in the portion of the capture region above the pipette
tip (z > 0) to the total capture volume V total was calculated as fup = V up /V total
and used as a metric for the vertical distribution of the sampled fluid. As a second
convergence check for all model runs, we required that the computed capture
volume be within 0.5% of the predicted value V = QT , where T is dimensional
pipetting duration. Maximum and minimum extents of the capture region in the z
∗
∗
∗
direction (zmax
and zmin
) and the maximum extent in the r direction (rmax
), all

scaled by φ, were calculated as well.
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4.4

Results

4.4.1

Reynolds number

To determine the eﬀect of pipetting flow rate Q on capture region, the model
was run for a range of flow rates corresponding to 0.5 ≤ Re ≤ 1024. The cylinder
geometry was fixed, with D ∗ = 4 and H ∗ = 32. The pipetting duration was fixed at
T ∗ = 20, resulting in capture regions with constant volume but with diﬀering
shapes and spatial distributions. Simulations with higher Re drew fluid from
higher in the cylinder (Fig. 4.2a), with a corresponding increase in upper to total
capture volume ratio fup (Fig. 4.2b). For very low Reynolds number,
approximately

1
3

of the capture volume was located above the pipette orifice (fup

= 0.33 at Re =0.5). As Reynolds number increased, fup initially grew quite
rapidly. When Re = 26, fup = 0.5; fluid was sampled equally from above and
below the pipette orifice. Increasing Re past 26 produced more gradual increases
in fup . For the highest Reynolds numbers, approximately

2
3

of the capture volume

was located above the orifice.
∗
∗
The relationships between zmin
and zmax
and Re were similar in profile to the
∗
∗
relationship between fup and Re. The lowest values of zmin
and zmax
occurred at
∗
Re = 0.5 and the highest values at Re = 1024. Over the range of Re tested, rmax

varied by less than 0.01 with a peak at Re = 16.
4.4.2

Cylinder geometry

We tested the eﬀect of cylinder geometry on capture region shape and
position for a fixed pipette geometry and flow rate corresponding to Re = 200.
The cylinder diameter was varied over the range 4 ≤ D ∗ ≤ 32, for two cylinder
depths H ∗ = 2 and 16. As before, pipetting duration was fixed at T ∗ = 20.
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Figure 4.2: Eﬀects of Reynolds number on capture region shape. (a) Capture region
outlines at Re = 0.5, 32, and 1024. (b) Ratio of upper to total capture volume fup
as a function of Re. The dotted horizontal and vertical lines line indicate fup = 0.5,
the point at which fluid is sampled equally from above and below the pipette tip,
which occurred at Re = 26. Increasing Re produces higher, more peaked capture
region profiles. For all cases shown, D ∗ = 4, H ∗ = 16, and T ∗ = 20.
Narrower cylinders (smaller D ∗ ) produced higher, more peaked capture
∗
∗
∗
regions (Fig. 4.3a) with higher fup , zmax
, and zmin
values and lower rmax
values (not

shown). The ratio of upper to total capture volume fup decreased with D ∗ ,
decreasing more rapidly in deeper than in shallower cylinders (Fig. 4.3b). For both
cylinder depths, fluid was sampled equally from above and below the pipette tip
(fup = 0.5) when D ∗ = 5.
Overall, the eﬀect of cylinder depth H ∗ was minor compared to the eﬀects of
D ∗ and Re (Fig. 4.3b). In the widest cylinders (D ∗ = 32), capture regions moved
up slightly with decreasing cylinder depth, from fup = 0.30 for H ∗ = 16 to fup =
0.34 for H ∗ = 2. The eﬀect of cylinder depth on fup was negligible in narrower
cylinders.
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Figure 4.3: Eﬀects of cylinder geometry on capture region shape. (a) Capture region
outlines for cylinders with diameter D ∗ = 4 and 32 and depth H ∗ = 16. (b) Upper
to total capture volume ratio fup as a function of cylinder diameter D ∗ for cylinders
with depths H ∗ = 2 and 16. The dotted vertical and horizontal lines correspond to
fup = 0.5, which occurred when D ∗ = 5 for both cylinder depths. Narrower cylinders
produce higher, more peaked capture region profiles. The eﬀect of cylinder depth
on fup is minor; shallower cylinders produce slightly higher capture regions in wider
cylinders but have very little eﬀect in narrower cylinders. For all cases shown, Re
= 200 and T ∗ = 20.
4.4.3

Pipetting duration

To test how capture region shape and position vary with pipetting duration
(or equivalently, sample volume), we computed capture regions for dimensionless
durations over the range 0 < T ∗ ≤ 120, using two cylinder diameters (D ∗ = 4 and
32). Reynolds number and cylinder depth H ∗ were fixed at 200 and 16,
respectively. For short pipetting durations (T ∗ < 1), capture regions were rounded
and located primarily below z ∗ = 0 for both cylinder geometries. For longer
durations, capture regions in narrower cylinders moved upward more rapidly and
became more peaked (Fig. 4.4a). Ratios of upper to total capture volume fup in
both the wider and narrower cylinders increased with T ∗ (Fig. 4.4b). In narrower
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cylinders, the increase in fup was much more rapid for short durations, and the
value was much higher for long durations.
∗
Values for rmax
increased more rapidly with pipetting duration in the wider
∗
than in the narrower cylinder in which rmax
was bounded by the cylinder wall (Fig.
∗
4.4d). For longer pipetting durations, zmin
was slightly higher in the narrower than
∗
in the wider cylinder. The rise in zmax
was dramatically more rapid in narrow than

in wide cylinders as expected based on the peaked shape of capture region profiles
in narrow cylinders (Fig. 4.4e). It should be noted, however, that the ‘peaks’ of
highly peaked capture regions contain much less fluid than the regions below them,
∗
explaining why fup increases much less dramatically than zmax
as sample volume

increases.
4.5

Discussion
Our results demonstrate a great range in the shape and vertical position of

pipette capture regions. The shape of a capture region depends on Re, cylinder
geometry, and sample volume. At low Re and in wide cylinders, flow into the
pipette is highly directional, and capture regions are characterized by wide,
rounded profiles and low fup ratios. These capture regions more closely resemble
hemispheres than spheres. As Re increases or the cylinder narrows, the flow field
spreads, producing higher, more peaked capture regions with high fup ratios.
Shallower cylinders produce marginally higher capture regions, though the
magnitude of this eﬀect increases with increasing cylinder diameter. Some
combinations of Re, cylinder geometry, and sample volume produce nearly
spherical capture regions with fup ≃ 0.5. Presence of the pipette walls prevents the
formation of perfectly spherical capture regions, however, and nearly spherical
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capture regions appear to be an intermediate case between hemispherical capture
regions and capture regions with peaked profiles.
Knowing how capture regions vary with cylinder geometry and Re,
pipette-based sampling and separation techniques can be optimized for specific
applications. For example, when the goal is to separate fluids by depth, such as
after centrifugation, deep and narrow cylinders should be used, as intuition would
predict. Less intuitively, increasing Re also improves separation as does increasing
sample volume. Use of these principles in assessing the gravitational settling
method requires further considerations, however, because a cylinder used for
gravitational settling must be wide enough to allow particles to disperse and to
restrict their interactions with the cylinder wall. When uniform sampling is the
goal, such as when a subsample is meant to represent a larger volume, a wide
cylinder and moderate Re should be used.
The technique of calculating capture regions is not commonly used in fluid
dynamics research. Its wider application could lead to new insights, particularly in
analyzing sampling and separation techniques.
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Figure 4.4: Eﬀects of pipetting duration on capture region shape. Capture region
outlines for a range of time durations and two cylinder diameters: (a) D ∗ = 4 and
(b) D ∗ = 32; the legend refers to both (a) and (b). For both geometries, cylinder
∗
H ∗ = 16 and Re = 200. The eﬀect of pipetting duration on (c) fup , (d) rmax
,
∗
∗
and (e) zmin and zmax for both cylinder geometries. In (c), the dotted line denotes
fup = 0.5, the point at which fluid is sampled equally from above and below the
∗
∗
pipette tip. In (e), zmin
and zmax
values are plotted above and below the dotted
line, respectively. Capture regions move up with pipetting duration more rapidly in
∗
narrower cylinders. The value of rmax
increases more rapidly in wider cylinders.
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Chapter 5
DISCUSSION
5.1

Conclusions
Active suspension feeders interact with their surrounding ecosystems through

the siphon flows they produce. By studying siphon flows from a fluid mechanics
perspective, we gain new insights into long-studied suspension-feeding phenomena.
The results presented in Chapter 2 show the benefits of combining
computational fluid dynamics (CFD) siphon models with experimentally derived
flow fields from particle image velocimetry (PIV) experiments. This approach
yielded accurate suspension-feeding rate parameters for three species of active
suspension feeders. In Chapter 3, this approach was extended to studying
suspension feeding activity of recently settled juvenile Mya arenaria clams about
which little published information is available. Siphon diameter appears to limit
pumping rates for juvenile but not adult Mya. Chapter 4 shows how similar CFD
models can be used in other contexts—in this case sampling and separation by
pipette—and demonstrates the use of capture regions to analyze sources of fluid to
inhalant siphons.
The use of dimensionless parameters—such as siphon Reynolds
number—simplifies analyses, facilitates comparisons, and helps reveal scaling
trends. Siphon diameter measurements can be combined with viscosity
calculations and pumping rate or velocity measurements to calculate many
important flow parameters. Surprisingly few studies have reported siphon
diameters. Whenever possible, studies of suspension feeding activity should report
siphon diameters to enable future comparisons between studies.
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5.2

Topics for Future Research

5.2.1

Suspension Feeding

The fluid dynamics of suspension feeding are complex and not well
understood. The interaction between inhalant and exhalant siphon flows was
briefly discussed in Chapter 4, but the details of this interaction are unclear. CFD
models that include inhalant and exhalant siphons could help explain some of the
interesting flow structures in our PIV results and show how and to what extent
suspension feeders avoid refiltration (fig. 2.2, 3.4).
Clearance rate measurements made in the laboratory may not readily scale up
to population scales due to interactions between suspension feeders. Exploring
these interactions through CFD modeling may help improve the parameterization
of suspension feeding in ecosystem models.
Siphon flows interact with ambient flows in complex ways that vary over short
scales of time and space. The scarcity of benthic suspension feeders in very high
energy environments (Wildish and Kristmanson, 1997) and evidence from flume
studies of model bivalve siphons (Monismith et al., 1990) suggest that strong
ambient currents may interfere with siphon flows. The complex flow fields
associated with suspension feeding in benthic boundary layers have been
investigated in flume studies in the laboratory (e.g., Ertman and Jumars, 1988;
Monismith et al., 1990), but CFD models of these flows are likely to yield new
insights. CFD models are not constrained by the range of flow conditions that can
be produced in the flume, and they provide more detailed flow fields including
measurements of parameters like pressure that are diﬃcult to measure
experimentally.
Suspension-feeder siphons and their associated appendages have a wide range
of morphologies. For example, a survey of venerid bivalves in the Gulf of Thailand
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revealed inhalant and exhalant siphons with complexities ranging from siphons
with no tentacles to siphons adorned with three sizes of branching tentacles
(Sartori et al., 2008). The functions of siphon tentacles are not well understood,
but siphons with more complex tentacles appear to be more prevalent in
higher-energy environments, suggesting a possible hydrodynamic role for tentacles
in addition to their sensory roles. CFD models may help evaluate the relative
importance of various possible functions of siphon tentacles.
5.2.2

Suction Feeding in Fishes

Suction feeding in fishes provides another example of siphon flows. Many fish
species use a short, rapid inhalant currents to draw zooplankton and small fish
into their mouths (Bond, 1996, pp.433-434). Several aspects of fish suction feeding
have been investigated including encounter rates (Drenner et al., 1978; Weihs,
1980), how suction-feeding flow fields vary with fish ontogeny (Yaniv et al., 2014),
and how suction-feeding predators evade detection (Gemmell et al., 2014a;
Holzman and Wainwright, 2009). The feeding currents produced by
suction-feeding fishes are analogous to inhalant siphon flows of active suspension
feeders but with two important diﬀerences. First, suction feeding is inherently
unsteady, with an entire suction-feeding event often lasting milliseconds (Bond,
1996; Muller et al., 1982, pp. 433-434). Second, suction feeding depends on the
movement of the solid boundaries of the mouth to produce a pressure gradient.
Both of these diﬀerences complicate modeling suction flows, but a ‘truncated cone
model’ (Liem, 1990, and references therein) has been used to develop both
analytical (Muller et al., 1982) and numerical (Yaniv et al., 2014) models.
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5.2.3

Olfaction in Fishes

Most fish species have external nares (nostrils), which they use for olfaction
(Bond, 1996, fig. 2-5). A common arrangement is two olfactory organs, one above
each eye, with two nares each. Flow is unidirectional—in through in the inhalant
naris, over the olfactory organs, and out through the exhalant naris. Three
mechanisms have been proposed for how fishes produce flow through the
nares—ram ventilation, ciliary action of the olfactory organs, and repeated
constriction of a nasal sac—some or all of which may be important in diﬀerent fish
species. Fish olfactory organs are morphologically diverse (Bond, 1996, fig. 2-5),
and the flow fields around them are not well understood. CFD models could yield
new insights into fish behavior and may inform the design of chemical sensors.
5.2.4

Sampling and Separation

Pipetting is ubiquitous in experimental science, but the fluid dynamics of
pipetting have received little attention. Sampling and separation techniques can be
be optimized based on relatively simple CFD models, such as those presented in
Chapter 4. CFD models can reveal patterns that may not be intuitive, such as the
the observation that increasing pipetting Reynolds number improves separation.
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